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SURVEY OF PORTIONS OF THE CHROMIUM-COBALT-NICKEL-MOLYBDENUM 
QUATERNARY SYSTEM AT 1,200? C! 


By SHELDON PAUL RipEoUT and PAUL A. BECK 


SUMMARY 


A survey was made of portions of the chromium-cobalt- 
nickel-molybdenum quaternary system at 1,200? C by means of 
microscopic and X-ray diffraction studies. Since the face- 
centered cubic (alpha) solid solutions form the matrix of almost 
all practically useful high-temperature alloys, the solid solu- 
bility limits of the quaternary alpha phase were determined up 
to 20 percent molybdenum. The component cobalt-nickel- 
molybdenum, chromium-cobalt-molybdenum, and chromium- 
nickel-molybdenum ternary systems were also studied. The 
survey of these systems was confined to the determination of the 
boundaries of the face-centered cubic (alpha) solid solutions and 
of the phases coexisting with alpha at 1,200° C. 


INTRODUCTION 


In the development of technologically useful alloys it is 
usually of considerable help if the phase relationships and 
solid solubility limits are known. At the Metallurgy De- 
partment of the University of Notre Dame a project has 
been in progress for some years to determine the phase 
relationships in alloy systems involving chromium, cobalt, 
nickel,. iron, and. molybdenum, the transition elements of 
greatest importance in high-temperature alloys. 

The determination of phase diagrams for systems of four 
or more components is an extremely laborious task. The 
problem must be approached in a systematic manner in 
order to avoid becoming hopelessly lost. The best method 
of attack is to begin by establishing the phase relationships 
in systems of two or three components and then continue by 
adding one new element at a time. The problem of pre- 
senting quantitative phase relationships diagrammatically 
for systems of three or more components necessitates holding 
one or more thermodynamic variables constant. For exam- 
ple, a ternary phase diagram may be presented as a series of 
isothermal sections or as a series of sections in each of which 
the amount of one component is held constant. For a qua- 
ternary system it 1s necessary to hold both temperature and 
the amount of one component constant in order to obtain 
two-dimensional diagrams. The temperature 1,200° C 
was chosen as that at which an initial isothermal survey could 
be most profitably made. This temperature is of immediate 
interest because it lies within the range of solution treat- 
ment for most high-temperature alloys now in use and also 
because here diffusion rates are fast enough to allow equilib- 
rium conditions to be approached in reasonably short 
annealing periods. - At lower temperatures, such as 800° ©, 
the determination of these phase diagrams within extensive 


composition ranges would be too time-consuming and there- 
fore expensive. Work of this kind is planned only for limited 
important composition ranges. 

Thus far two reports have been issued covering work done 
on this project. In the first report (reference 1) the 1,200° 
C isothermal section -of the chromium-cobalt-nickel ternary 
system was presented. The second report (reference 2) gave 
a survey of the chromium-cobalt-nickel-iron quaternary 
system at 1,200° C in the composition ranges near the face- 
centered cubic solid-solution phase. This report also pre- 
sented a study of some features of the chromium-cobalt- 
nickel and the chromium-cobalt-iron ternary systems at 
lower temperatures. 

The present report presents a survey of portions of the 
chromium-cobalt-nickel-molybdenum quaternary system at 
1,200° C. The face-centered cubic (alpha) solid solutions 
haye, by far, the greatest practical importance in high- 
temperature alloys. For this reason the solid solubility 
limits of the quaternary alpha phase were determined up to 
20 percent molybdenum. 

It was also necessary to investigate the component cobalt- . 
nickel-molybdenum, chromium-cobalt-molybdenum, . and 
chromium-nickel-molybdenum ternary systems, since theso 
systems had not been adequately explored by ,previous 
investigators. (See ‘‘Literature Survey" for discussion of 
previous studies of the binary and ternary systems com- 
prising the chromium-cobalt-nickel-molybdenum quaternary 
system.) 

At the beginning of this work 18 became apparent that & 
definite and consistent nomenclature for phase designation 
would ‘have to be adopted in order to avoid confusion and 
contradiction. For example, the iron-chromium sigma phase 
is isomorphous with the chromium-cobalt gamma phase and 
the iron-molybdenum zet& phase. In order to avoid contra- 
diction in ternary and quaternary systems of these elements, 
where the isomorphous phases form uninterrupted solid 
solutions, it was decided to give all these phases the same 
designation. The designation sigma phase was selected as 
one most generally associated with this particular structure. 
Since this work began with a nonferrous system, the face- 
centered cubic solid solutions in the systems involving 
chromium, cobalt, nickel, and molybdenum have all been 
designated as alpha phase. For the sake of consistency this 
nomenclature was extended even to the chromium-cobalt- 
nickel-iron quaternary system, although this phase in ferrous 
systems has been customarily referred to as gamma. On the 
other hand, the body-centered cubic solid solutions, which 
are usually named alpha in ferrous systems, are here referred 
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to as epsilon phase in conformity with the nomenclature 
used for the chromium-rich alloys in the chromium-cobalt 
binary system. In the cobalt-molybdenum binary system 
the intermediate phase which coexists with alpha at 1,200? 
C has been earlier designated as epsilon. In the present 
investigation this phase was renamed mu since, as stated 
above, epsilon had already been used to designate the 
chromium-rich body-centered cubie phase. 'The hitherto 
unknown ternary phases discovered in the 1,200? C iso- 
thermal sections of the chromium-cobalt-molybdenum and 
the chromium-nickel-molybdenum ternary systems have 
been named R and P, respectively. 

This work was conducted at the University of Notre 
Dame under the sponsorship and with the financial assistance 
of the National Advisory Committee for Aeronautics. The 
authors wish to thank Mr. Francis Pall for doing some of the 
work relating to the chromium-cobalt-molybdenum and 
chromium-nickel-molybdenum systems. The assistance of 


Messrs. C. Patrick Sullivan and Robert Hochman is also 


appreciated. 
LITERATURE SURVEY 


The chromium-cobalt-nickel-molybdenum quaternary sys- 
tem comprises the following six binary and four ternary 
systems: Chromium-cobalt, chromium-nickel, cobalt-nickel, 
chromium-molybdenum, cobalt-molybdenum, nickel-molyb- 
denum, chromium-cobalt-nickel, chromium-cobalt-molyb- 
denum, chromium-nickel-molybdenum, and cobalt-nickel- 
molybdenum. All of the &bove binary systems were inves- 
tigated previously. The chromium-cobalt system was in- 
vestigated by Elsea, Westerman, and Manning (reference 3), 
and the most recent chromium-nickel phase diagram was 
reported by Jenkins, Bucknall, Austin, and Mellor (reference 
4). The.“Metals Handbook” (reference 5) gives the ac- 
cepted cobalt-nickel diagram, which was thoroughly investi- 
gated by several workers. 

'The chromium-molybdenum binary system is also given 
in the “Metals Handbook" (reference 5). In recent work 
on molybdenum-rich alloys Kessler and Hansen (reference 
6) confirm the results of other investigators that chromium 
and molybdenum are completely soluble in the solid state. 
The cobalt-molybdenum binary system was investigated by 
Sykes and Graff (reference 7). The transformation from 
face-centered cubic to hexagonal in pure cobalt above 
1,000° C indicated in their diagram was not found by several 
later investigators (references 8 to 10). Henglem and 
Kohsok (reference 11) recently pointed out that the cobalt- 
molybdenum intermediate phase Co;Mo, is isomorphous 
with the iron-molybdenum, cobalt-tungsten, and iron- 
tungsten intermediate phases Fe;NMÍos, Co;W,, and Fe;Ws. 
The crystal structure of the Co;Mos phase can be described 
as hexagonal or rhombohedral (reference 11). The nickel- 
molybdenum binary system, as determined by Ellinger, is 
. given in reference 5. 

Of the ‘four ternary systems involved in fis chromium- 
cobalt-nickel-molybdenum quaternary system, two were 
previously investigated. The 1,200° C isothermal section 
of the chromium-cobalt-nickel ternary system was investi- 
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gated by Manly and Beck (reference 1). This diagram was 
slightly modified in the chromium-cobalt sigma-phase-fiold 
region by Kamen and Beck (reference 2). Siedschlag 
(reference 12) investigated the chromium-nickel-molybdenum 
ternary system, but the results of that investigation proved 
to be of no help in the present work. The nickel-rich 
alloys were examined from a technological point of view 
only, and phase relationships were not studied in detail. 
It was, therefore, necessary to investigate the three ternary 
systems chromium-cobalt-molybdenum, chromium-nickel- 
molybdenum, and cobalt-nickel-molybdenum. The survey 
of these systems was confined to the determination of the 
boundaries of the face-centered cubic (alpha) solid solutions 
and of the phases coexisting with the alpha phase at 1,200° C. 

The brittle intermetallic sigma phase, which occurs in 
many systems involving the transition elements, has recently 
become the subject of much interest and investigation. 
Sully and Heal (reference 13) have pointed out that the iron- 
chromium sigma phase and the chromium-cobalt gamma 
phase „are isomorphous, and Goldschmidt (reference 14) 
found that the iron-molybdenum zeta phase is also isomor- 
phous with the iron-chromium sigma phase. Beck and 
Manly (reference 15) investigated the chromium-cobalt-iron 
and the chromium-cobalt-nickel ternary systems. They 
proved that the iron-chromium sigma phase and the chro- 
mium-cobalt gamma phase form an uninterrupted series of 
solid solutions across the chromium-cobalt-iron ternary 
isothermal section at 800° C. They also found that the 
chromium-cobalt gamma phase extends deep into the chro- 
mium-cobalt-nickel ternary system at 1,200? O in 2 manner 
suggesting that nickel atoms and cobalt atoms substitute for 
each other'in forming the sigma phase, while the chromium 
content of the phase remains essentially unchanged. On the 
basis of these results and of the existence of the sigma phase 
in the iron-vanadium system, Beck and Manly (reference 16) 
suggested that the sigma phase should also occur in the 
cobalt-vanadium and the nickel-vanadium systems. Indeed, 
this was confirmed by Duwez and Baen (reference 16) who 
also formally postulated the criterion that & face-centered 
and a body-centered cubic metal are required in an alloy 
system before the sigma phase will form. In the present 
investigation special attention was given to the occurrence 
of the sigma phase, and further confirmation was obtained 
for the earlier observation that atoms of elements of like 
structure can substitute for each other in the formation of 
the sigma phase. A criterion for the formation of the sigma 
lattice in terms of electron vacancy concentration in the 
3d sub-band was derived in order to rationalize the above 
observations. 


EXPERIMENTAL PROCEDURE 


In this work the phase boundaries were established by 
microscopic examination of carefully homogenized alloys. 
The phases were identified by means of X-ray diffraction. 
Details relating to the equipment used and to the melting 
and homogenizing procedures followed throughout the work 
were reported by Manly and Beck (reference 1). Molyb- 
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denum in the form of.a J£-inch-diameter rod was used to make 
up the alloys. The lot analyses of the electrolytic chromium, 
of the cobalt rondelles, and of the nickel used are given in 
table I. 

Most of the alloys were melted in Alundum crucibles, 
except for 34 alloys melted in zirconia and stabilized zirconia 
crucibles at the beginning of the work. "The type of crucible 
used to melt each alloy is listed in table Il. Early in the 
work it was found that molybdenum-bearing alloys were 
susceptible to zirconium pickup. This was confirmed by 
semiquantitative spectrographic analysis. The use of zir- 
conia and stabilized zirconia crucibles was, therefore,. dis- 
continued, and all subsequent alloys were melted in Alundum 
crucibles. ‘The zirconium pickup is treated in greater-detail 
under “Discussion.” 

The ingots were generally found to be free of excessive 
segregation, except in a few isolated cases discussed later. 
Specimens for homogenization and subsequent microscopic 
and X-ray analysis were taken from the bottom section of 
each ingot. Immediately adjacent examples were used for 
chemical analysis. All specimens which consisted mainly of 
the face-centered cubic (alpha) solid solution-were double- 
forged prior to homogenization. This double-forging treat- 
ment consisted of heating the specimen at 1,200° C for X 
hour, forging, reheating at 1,200 C for X hour, and forging 
again. With this preliminary treatment alpha alloys weré 
easily homogenized by annealing at 1,200° C for 48 hours. 
Alpha alloys containing more than about 20 percent of any 
second phase were too brittle to be forged. Specimens from 
such alloys were homogenized for 95 to 150 hours at 1,200° C. 
All specimens were quenched directly into cold tap water. 
It is very important that the oxygen be removed from the 
furnace atmosphere in which alloys containing molybdenum 
are being annealed, because of the extremely rapid rate of 
oxidation of these alloys at high temperatures. Itis believed 
that the homogenizing treatments used gave very nearly 
equilibrium conditions, except in a few cases to be discussed 
later, because continued annealing, which in some cases was 
extended up to 200 hours, resulted in no detectable further 
changes in the microstructures. 

After homogenization & powder for X-ray analysis was 
taken from each specimen, by either filing or crushing, de- 
pending on the brittleness of the alloy, and the remaining 
piece was prepared for microscopic examination to detect the 
presence or absence of a second phase. The phase bound- 
Aries were thus determined by the disappearing phase 
method. 

It was found necessary to vary the etching procedure 
considerably, according to the composition of the alloy. 

(1) The following etchants were used successfully to 
differentiate between the various phases: 


Hydrochloric acid, milliliters...........-.-.------.--.----.. 8.0 
Nitric acid, milliliterz aco nasa s mun RR Ee Ie ax EIS CE 0. 5 
Glycerin, milliliter8........—-—..-—------------------------------- 20 
Cuprio chloride, milligrams..............------------------- 50 to 150 


The freshly polished specimen was either immersed in the 
etchant for several minutes, or, for more rapid attack, 


‘ times brought out in this phase. 


from green to red and orange. 


swabbed with cotton saturated with the etchant. This 
etchant was used only to reveal the structure of the alpha 
phase; grain boundaries, annealing twins, and transformation 
striations became apparent, and any second-phase particles 
present were clearly delineated. It was not possible, how- 
ever, to identify which second phase was present by using 
this etchant alone. 


(2) The following electrolytic etching and staining pro- 
cedure was used with alloys in the chromium-nickel-molyb- 
denum ternary system: 


Oxalic acid TAMS AAA 8 
Distilled water, milliliters.............-.-..._----..----.-- 92 
COCO CC cn ueteri cssc TE CP CCE PENS PT Seo Stainless steel 
Voltage, volts (d-e.)- occa 6 
Electrode spacing, }]0](0]}}, --------------=------------------- 1 
Temperavure, "Css ES 20 to 30 


Time, SAN ioca eR delusc ott AA 


The specimen was removed from the etching bath and im- 


‘mediately immersed for 10 to 20 seconds into a staining 


solution’ consisting of 5 grams of potassium permanganate 
and 5 grams of sodium hydroxide dissolved in 90 milliliters of 
distilled water. This etching and staining method worked well 
with the epsilon phase. Grain boundaries became evident 
and the characteristic Widmanstitten precipitate of sigma 
in the epsilon phase, when present, became clearly recog- 
nizable. The epsilon phase was stained a very light tan 
color, or & darker brown when the Widmanstütten precipitate 
was present. The alpha phase always remained unattacked 
and unstained. The chromium-nickel-molybdenum ternary 
sigma phase always stained, and a faint structure was some- 
The color of the stain on 
the sigma phase varied from bright green or red to purple. 
The grain boundaries of the ternary P phase were attacked 
and this phase, too, was always stained, the color varying 
The delta phase was gen- 
erally very unevenly attacked and either did not stain or 
stained an uneven brownish color., Grain boundaries were 
revealed in the delta phase.. With chromium-nickel-molyb- 
denum alloys great success was experienced in differentiating 
between epsilon, sigma, and alpha when these phases co- 
existed. As a result of this, it was possible to locate the 
corner of the three-phase alpha-plus-epsilon-plus-sigma field 
on the alpha boundary by metallographic means. Even 
when present as small particles in an alpha matrix, sigma 
consistently stained a brilliant color, whereas the epsilon 
phase never stained more than a light tan color. It was 
difficult to distinguish between minor amounts of the sigma 
and the P phases ip an alpha matrix because of tbeir similar 
staining characteristics. However, when sigma and P were 
adjacent in the same alloy, it was possible to distinguish one 
phase from the other. Final identification, of course, was 
made by means of X-ray analysis. | 

(3) The electrolytic oxalic-acid etchant described above 
proved unsatisfactory for chromium-cobalt-molybdenum 
alloys. 'The following eleotrolytic etchant, used in con- 
junction with the previously described staining solution, was 
used with satisfactory results: 


304. 

Concentrated phosphoric acid, milliliters- ------------------- 5 
Distilled water, milliliters.........--__..----_-..---------- . 95 
€800006----------------- EET EN E A EEE Stainless steel 
Voltage, volts (d-6.) ES AA 6 
Electrode spacing, inch._-.--.....----..----------------- ane 1 
Temperature, “C..................... AA 20 to 30 
Time, Bi AI mde e. 10 to 15 


The alpha phase was lightly attacked but remained un- 
stained. The sigma phase was lightly attacked and stained 
colors varying from orange to blue or purple. A fine 
Widmanstatten precipitate was sometimes observed in the 
sigma phase. The chromium-cobalt-molybdenum ternary 
R phase was unattacked, but this phase stained yellow to 
rusty brown. The mu phase was attacked and usually 
stained pale blue or did not stain at all. Grain boundaries 
and tiny annealing twins were observed in the mu phase. 
Sigma, R, and alpha were easily distinguished from each 
other when these phases occurred together in the same 
alloy, but small particles of sigma were indistinguisbable 
from small particles of either the R or the mu phase in an 
alpha matrix. The mu phase was readily differentiated 
from R. . 

(4) It was necessary to decrease the acidity of the phos- 
phoric-acid electrolyte and increase the alkalinity of the 
alkaline permanganate staining solution in order to differen- 
tiate successfully between the delta and the mu phases in 
cobalt-nickel-molybdenum alloys. The following solution 
was used: 


Concentrated phosphoric acid, milliliters.....................- 2.5 
Distilled water, milliliters............................---...... 97. 5 


Etching conditions were the same as those for procedure 3. - 


. The specimen was then immersed into a staining solution 
containing 20 grams of sodium hydroxide and 5 grams of 
potassium permanganate dissolved in 75 milliliters of dis- 
tilled water. The alpha phase was lightly attacked but 
remained unstamed. The delta phase was unevenly aí- 
tacked, grain boundaries being revealed, and was stained 
dark green or blue. The mu phase was more evenly at- 
tacked; grain boundaries and occasional twins were evident. 
The mu phase stained & number of different colors, appar- 
ently depending upon the orientation, each grain or twin 
showing only one color. With this etching procedure it was 
possible to detect small amounts of the mu phase in a matrix 
of delta but, because of the wide variation of color from 
grain to grain in the mu phase, it was not possible to identify 
small amounts of delta in a matrix of the mu phase. 
difficulty of microscopically identifying small amounts of 
the delt& phase in a matrix of mu was circumvented by the 
use of an X-ray method to determine the solubility limit of 
nickel in the mu phase. Jn a plot of the d values for one 
high-angle diffraction line in a series of mu alloys as a 
function of the nickel content, the solubility limit is indi- 
cated where the slope of the curve becomes zero. 

The powders for X-ray analysis were sealed under vacuum 
in fused-quartz capsules and annealed at 1,200° C for hour. 
The capsules were then quenched directly into cold tap 
water. The powders were mounted on 1- by 1-inch cards 
with a colloidal glue, and a diffraction pattern was taken m an 
asymmetrical focusing camera of 20-centimeter diameter, 


This 
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using unfiltered chromium radiation at 8 milliamperes and 
30 kiloyolts. Thus, the identity of the phases present in , 
each homogenized alloy was confirmed by X-ray diffraction. 
However, the X-ray method of identification was found 
relatively insensitive to small amounts of a second phase,, 
especially in alloys having an alpha matrix. This difficulty 
was surmounted partially by careful preparation of the 
powder. A large quantity of filings was collected from the 
specimen to insure obtaining a representative sample. The 
minor phase was generally much more brittle than the alpha 
matrix and had a much smaller particle size. It was con- 
centrated by sieving the powder to 200 mesh. Only the 
finest powder from the sample was used to prepare the X-ray 
specimen. In handling this fine powder precautions were 
necessary in order to avoid losing any of the minor phase. 
For example, the original filings had to be collected on a 
smooth tracing paper or Celluloid, to which the powder will 
not adhere and from which the fine powder may be easily 
recovered. 

An X-ray method of locating three-phase-field corners on 
the alpha phase boundary, as described previously by 
Manly and Beck (reference 1), was used in this work to 
supplement the microscopic results. The method consists 
of plotting the lattice parameters of the saturated alpha 
alloys as a function, of composition. The three-phase-field 
‘corner is usually indicated by a rather sharp change in the 
slope of the curve. The lattice parameters for these plots 
were determined by taking back-reflection diffraction 
patterns from the surface of microspecimens known to be 
saturated alpha. Flat film and a collimating system of 
1-millimeter diameter were used. By using unfiltered 
chromium radiation and a specimen-to-film distance of 20.54 
millimeters, the chromium Ke reflections from the (220) 
planes and the chromium KB reflections from the (311) 
planes of the alpha phase were recorded.’ Smooth circles 
were obtained by rotating the specimen about an axis 
parallel to that of the collimating system but offset from it. 
The lattice parameter determined from each of these lines 
was plotted against cos*0(2 cos*?—1) and extrapolated to 
6=90° in order to eliminate systematic errors. 


EXPERIMENTAL RESULTS 


The experimental data for all alloys investigated are given 
in tables III to VI. The 1,200? C isothermal sections for 
the cobalt-nickel-molybdenum, chromium-cobalt-molybde- 
num, and chromium-nickel-molybdenum ternary systems and 
the solubility limits of the alpha phase in the 2.5-, 5-, 10-, and 
20-percent-molybdenum quaternary sections, as shown in 
figures 1 to 8, were drawn in accordance with these data. 
The amount of each phase, as estimated microscopically in the 
homogenized structure, is tabulated together with corres- 
ponding X-ray diffraction data for each alloy. The amounts 
of the phases, corresponding to the phase diagrams, are also 
given for comparison. For alloys which were chemically 
analyzed the content in acid insoluble material was deter- 
mined and found to vary from nil to a few tenths of 1 percent. 
The compositions of chemically analyzed alloys reported in 
the tables were corrected to 100-percent-moetal content. 
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FIGURE 2.—Tho 1,200? O isothermal section of cobalt-nickel-molybdenum ternary system with alloy compositions indicated. 
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FiGURE 4.—The 1,200? O isothermal section of chromfum-cobalt-molybdenum ternary system with alloy compositions Indicated. 
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Figure 5.—The 1.200? C isothermal section of chromium-nickel-molybdenum ternary system. 
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FIGURE 6.—Tho 1,200? O isothermal section of chromtum-nickelinolybdenum ternary system with alloy compositions indicated. 
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PHASES ` 


tint, while the other phases appeared white. Figure 10 
The various phases identified in this investigation and the | shows a banded structure which was observed in alloys con- 
metallographic characteristics of each phase are described | sisting of approximately equal amounts of the alpha and 
in the following paragraphs. | mu phases. Figure 11 illustrates the general shape and 
Alpha.—The alpha phase, which forms the matrix of most | distribution of minor amounts of alpha in a matrix of the 
of the practically important high-temperature alloys, is based | sigma phase. This is typical of the distribution of minor 
on solid solutions of the face-centered cubic elements cobalt | xrounts of alpha in all phases. Alloys which consisted of 
and nickel. This phase, being relatively soft and ductile, | larger amounts of alpha coexisting with any of the other 
was easily hot-forged, and alpha alloys rich in nickel could | Phases exhibited microstructures similar to the one shown in 
be cold-worked to some extent. Reagent 1 was used to | figure 12. Data from a typical X-ray diffraction pattern of 
reveal the microstructure of the alpha phase. The structure | tbe alpha phase are given in table VIT. Evidence that pre- 
is typical of most face-centered cubic solid solutions, showing | ferred orientation may occur in forged aud annealed alpha 
equiaxed grains and numerous annealing twins. In alpha | alloys was found in some of the back-reflection pictures 
alloys containing small amounts of a second phase a great | taken from the surface of microspecimens. 
grain-size contrast was sometimes seen. Such “duplex” a-—— = ————5—2 5 uw. 
structures undoubtedly occur as & result of the inhibition p ০ WX OE 
effect of small second-phase particles on grain growth 
(reference 17). Upon cooling, pure cobalt is known to 
transform from the face-centered cubic to the hexagonal 
close-packed structure by a martensitic transformation 
(reference 8). In cobalt-rich alpha solid solutions the 
beginning of this transformation is manifested in the micro- 
structure by the presence of striations, as illustrated in figure 
9. These transformation striations were also observed in 
saturated cobalt-molybdenum and cobalt-chromium alpha 
alloys and in quaternary alpha alloys rich in cobalt. Addi- 
tions beyond about 15 percent nickel to cobalt-molybdenum 
and 30 percent nickel to cobalt-chromium saturated alpha 
alloys seem to suppress the transformation, as evidenced by 
the absence of striations in the microstructure. 
Microspecimens of alloys containing alpha in addition to 
any other phases exhibited a pronounced relief effect in the 
a8-polished and unetched condition. "The relief is due to the 
large difference in hardness between alpha and the phases 
which coexist with it at 1,200? C. In unetched micro- 
specimens the alpha phase had a slightly amber or yellowish 


FIGURE 10.—Alloy 443 containing 25 percent cobalt, 25 percent nickel, and 50 percent molyb- 
denum. Etched according to procedure 4 but stain omitted; alpha phase arranged in 
banded dendritic pattern in ma of mu phase; X250. 
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nickel, and 2.5 percent molybdenum. Etched acco BE to procedure 1; small particles FIGURE 11.—Alloy 608 containing 23.5 percent chromium, 39 percent nickel, and 37.5 percent 
of second phase In an alpha matrix; transformation striations revealed in alpha phase; molybdenum. Etched and stained according to procedure 2; minor amounts of unstained 
XD00, লা alpha in matrix of stained sigma phase; X250, 
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FIGURE 12.—Alloy 467 containing 10 percent chromium, 55 percent nickel, and 35 t 
ccording 


molybdenum, Etched a to procedure 2 but stain omitted; 
of minor amounts of P phase in matrix of alpha; X250. 


Epsilon.— The body-centered cubic epsilon phase at 1,200? 


C is based on solid solutions of chromium &nd molybdenum. 


Within the composition ranges investigated in this work, 
the epsilon phase was encountered only in the chromium- 
nickel-molybdenum ternary isothermal section where it 
coexists with the alpha and sigma phases and in quaternary 
alloys containing less than about 3 percent molybdenum 
near the chromium-nickel side of the diagram, where it 
coexists with alpha. When etched and stained according to 
procedure 2, the microstructure of the epsilon phase was 
clearly revealed. This phase stained a light tan color and, 
in this work, a characteristic Widmanstatten type of pre- 
cipitate was always observed in the large equiaxed grains of 
the epsilon phase, with the exception of epsilon coexisting 
with alpha in alloys near the chromium -nickel binary side 
òf the diagram. This Widmanst&tten precipitate was, pre- 
viously found in chromium-rich alloys in the epsilon phase 
fields of both the chromium-cobalt-nickel and the chromium- 


cobalt-iron ternary isothermal sections at 1,200° C (refer- 


ences 1 and 2) and was identified in both cases as being the 
sigma phase. In the present work, too, it has been con- 
cluded that the Widmanstatten precipitate consists of the 
sigma, phase. /In epsilon alloys very near to the corner of 
the three-phase alpha-epsilon-sigma field in the chrotnium- 
niekel^molybdenum ternary isothermal section, the Wid- 
manstätten precipitate in the epsilon phase is extremely 
heavy. (See fig. 13.) The epsilon phase was easily dis- 
tinguished from alpha or sigma, either by the precipitate in 
epsilon or by its tan color, when stained (procedure 2), since 
the alpha, phase remains unstained and the sigma phase 
stains to a brilliant color. Figure 14 is an example of this, 
where the three phases are seen to coexist. This alloy was 
slightly deformed prior to microscopic examination. Note 
the severe cracks in the heavily stained sigma and the few 
eracks in the lightly stained epsilon. Table VIII gives the 
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FIGURE 13.—Alloy 599 containing 65 t chromium, 22 pereent nickel, and 13 percent 

Molybdenum. Etched and stain a to podun 2; sre Widmanstitton 

pitate of sigma In epsilon phase; dark oxide {Inclusions and grain boundaries shown 
epsilon phase; X500. 
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FIGURE 14.— Alloy 600 containing 48.5 percent chromium, 45.4 t nickel, and 0.1 percent 
molybdenum. Etched and stained according to p ure 2; heavily stained and soveroly 
cra particles of poa plus lightly stained epsilon with few cracks in matrix of un- 
stained alpha phaso; ৰ 


data from & typical X-ray diffraction pattern of the epsilon 
phase. 

Sigma.—' The sigma phase is an extremely brittle inter- 
metallic phase which, in this investigation, occurred in the 
1,200? C isothermal sections of the chromium-cobalt- 
molybdenum and chromium-nickel-molybdenum ternary 
systems, as well as in chromium-cobalt-nickel-molybdenum 


. quaternary alloys containing up to 20 percent molybdenum. 


The sigma phases in these, as in other systems, are iso- 
morphous. Recent investigations on single crystals of the 
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chromium-cobalt and .iron-chromium sigma phases have 
yielded information showing that the crystal class of sigma 
is tetragonal.? Microspecimens from sigma alloys invariably 
showed cracks as a result of the brittleness of the phase. 
Qualitatively, ingots of chromium-nickel-molybdenum ter- 
nary sigma alloys did not seem to be quite so brittle as 
chromium-cobalt-molybdenum sigma alloys in that they did 
not shatter quite so easily... Ingots of chromium-cobalt- 
molybdenum sigma alloys were so brittle that they shattered 
when dropped to the floor. Etching and staining the 
chromium-nickel-molybdenum ternary: sigma phase was 
accomplished by folowing procedure 2. "Prolonged etching 
brought out faintly the grain boundaries 1 in sigma, as shown 
in figure 15. It is interesting to^hóte that, in specimens 
which consisted almost entirely of the sigma phase, the color 
of the stain on sigma was very light, whereas massive parti- 
cles of sigma in a matrix of some other phase always stained 
a brilliant color. The reason for this is not clearly under- 
stood. In the two-phase sigma-plus-P field of the chromium- 
nickel-molybdenum system at 1,200° C, the grains of these 
two phases were very intimately arranged so that grain 
boundaries, seemed to correspond to ‘phase boundaries. 
This is illustrated in figure 16. The microstructure of 
chromium-cobalt-molybdenum alloys in which the sigma 
phase coexisted with minor amounts of the alpha or R phases 
was best revealed by etching and staming, as outlined in 
procedure 3. The grain boundaries of the sigma phase 
were not attacked, but a scattered Widmanstátten pre- 
cipitate was sometimes brought out. (See fig. 17.) The 
identity of this precipitate is not known. 

Sigma coexists with the alpha, epsilon, and R phases in 
randomly distributed particles and with the epsilon phase in 
some cases as a Widmanstütten precipitate. Small particles 
of the sigma phase which precipitated along the grain bound- 
aries from a supersaturated chromium-cobalt-molybdevum 
alpha alloy are shown in figure 18. Etching procedure 3 
was used; consequently, the structure of the alpha was not 
revealed. Data from typical X-ray diffraction patterns of 
the chromium-nickel-molybdenum and chromium-cobalt- 
molybdenum sigma phases are listed in table IK. It is seen 
from a comparison of the two patterns that these sigma 
phases are isomorphous. 

Delta.—Solid solutions based on the nickel-molybdenum 
delta phase are formed in the 1,200° C isothermal sections 
of the chromium-nickel-molybdenum and cobalt-nickel- 
molybdenum ternary systems. The crystal structure of 
the delta phase is not known. This phase is hard and 
brittle, although not nearly so brittle as the sigma phase. 
Ingots of alloys consisting mainly ‘of the delta phase 
could not be broken by a sharp blow with a hammer. 
Fine cracks were sometimes seen in the microstructure, 
which was revealed by etching procedure 4. These 
cracks probably originated during the preliminary grind- 
ing of the microspecimen. Figure 19 is a photomicro- 
eraph of an alloy of delta with minor amounts of alpha and 
mu, This specimen was etched and stained according to 


3 References 18; also private communication from Drs. J. 8. Kasper, B. F. Decker, and 
J. R. Belanger, General Electric Research Laboratory. 
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FIGURE 15.— Alloy 602 containing 25 percent chromium, 27.5 percent nickel, and 47.5 percent 
molybdenum. Etched and stained | according to procedure 2; grain boundaries ror ealed 
cracked matrix of sigma phase; X500. , 
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FIGURE 18.—Alloy 492 Anning 2 t chromium, 30 percent nickel, and 50 percent 
molybdenum. Etched 


according to cles of sigma phase 
clearly delineated In nee of fn phase; grain boundaries San a nd 


procedure 4. Note the large grains of delta and the much 
. smaller grains of mu which are stained to various colors and 


exhibit occasional tiny annealing twins. The alpha par- 
ticles are slightly roughened but remained unstained and 
appear white. As the amount of the mu phase coexisting 
with delta increases, it becomes increasingly difficult to 
distinguish between the two phases. In chromium-nickel- 
molybdenum alloys consisting largely of delta, no difficulty 
was experienced in differentiating between the delta and P 
phases. Small particles of the P phase in a matrix of delta 
are shown in figure 20. Data from a typical X-ray diffrac- 
tion pattern of the delta phase are listed in table X. 


| — — POLES Te dae ig mete ELIE =, - a a READ ত 
FIGURE 17. gash 392 contalning 52.6 percent chromium, 41.4 percent cobalt, and 6 percent 
molybdenum. Etched and stained according to procedure 3; scattered Widmanstitten 


precipitate In matrix of sigma phase; identity of precipitate unknown; X X600. 
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FIGURE 18.—A]loy 471 containing 28.83 percent Sine ae procedure 3; small cobalt, and 6.37 
percent molybdenum. Etched e nd stained according 3; small particles of 
stained sigma phase outlining grains of unstained alpha phe 


Mu.—In the present work solid solutions based on the 
intermediate cobalt-molybdenum epsilon phase were renamed 
mu to avoid contradictions in the nomenclature. This 
phase occurs in the 1,200° C isothermal sections of the 
chromium-cobalt-molybdenum and cobalt-nickel-molybde- 
num ternary systems. The mu phase also coexists with 
alpha in chromium-cobalt-nickel-molybdenum quaternary 
alloys from at least 17 to 20 percent ‘molybdenum 
near the cobalt-nickel side of the diagram. The crystal 
structure of the mu phase can be described as hexagonal or 
rhombohedral (reference 11). This phase is isomorphous 
with the corresponding intermediate phase in the iron- 
molybdenum, iron-tungsten, and cobalt-tungsten binary 
systems (reference 11). Ingots of mu alloys displayed 


was either granular or dendritic in nature. 


RIQURE 19.— Alloy 522 containing 10 FICHE kuan 32 t nickel, and 58 percent mo 

oeann E Pechea md stained according ure $ min minor amounts of pape i hl 
apes ins of mu ded Ded to to various colors and sho 

annealing ts mat of delta phase; delta phaso unevenly attacked and heavily sin Salona 


FIGURE 20.~—Alloy 626 containing 4 percent chromium, proce pereent mosol, and 69.5 percent 
rp reap Etched and stained according to ure 2; Ed of P phaso in matrix 
dalta; grain boundaries in delta phase very faintly visible; 1,500 


oiya characteristics similar to those of ingots of delta 
alloys. A macrostructure was generally visible, without 
etching, on the surface of the ingot. The macrostructure 
No relief effect 
was obseryed in as-polished and unetched microspecimens 
containing minor amounts of the delta or R phases in a 
matrix of mu, indicating that these phases have nearly tho 
same hardness. In attempting to reveal clearly the micro- 
structure of the mu phase it was found that large areas 


SURVEY OF PORTIONS OF THE CHROMIUM-COBALT-NICKEL-MOLYBDENUM QUATERNARY SYSTEM AT 1,200° C 


throughout the specimen were preferentially attacked, 
giving one the impression that the alloy contained two 
phases when actually there was only one. (This was 
proved repeatedly by careful X-ray diffraction studies.) 
After experimenting with various etching techniques, all 
with the same result, it was concluded that the preferential 
attack is an orientation effect. Figure 21 shows the struc- 
ture of a typical mu alloy. This specimen was etched 
according to procedure 4 but the stain was omitted. 

The mu phase coexists with the delta and R phases in 
randomly distributed particles. A banded structure in 
alloys of mu plus alpha has been discussed and illustrated 
previously in figure 10. Table XI gives the data from a 
typical X-ray diffraction pattern of the mu phase. 

P phase.—The P phase was discovered in the 1,200? C 
isothermal section of the chromium-nickel-molybdenum 
ternary system. This phase is not known to occur in any 
of the three binary systems at any temperature. The 
crystal structure of the P phase was not determined. Alloys 
of P were hard and brittle, having much the same physical 
characteristics as alloys of the chromium-nickel-molybdenum 
ternary sigma phase. Numerous cracks were observed 
under the microscope, às in the case of the ternary sigma 
phase. Grain boundariesin the P phase were attacked when 
etched by procedure 2, and this etchant also produced stain 
colors varying from green.to red and orange. Because of 
the similarity in microstructures and staiming character- 
istics of the P and sigma phases, it was difficult to distinguish 
between them microscopically. In figure 22, minor amounts 
of sigma and P are seen in an alpha matrix. Sigma is stained 
darker than P, but the contrast is slight. Small particles 
of the delta or alpha phases could easily be identified in a 
matrix of the P phase. Data from a typical X-ray diffrac- 
tion pattern of the P phase are given m table XII. 


FIGURE 21,—Alloy 550 con 22.74 percent cobalt, 18.77 percent nickel, and 58.49 percent 
molybdenum. Etched g to ure 4 but stain omitted; structure of mu phase; 
preferential attack probably due to orientation effect; X 500. 
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FIGURE 22.—Alloy 669 con 22 percent chromium, 49 percent nickel, and 29 percent 
molybdenum. Etched ands to procedure 2; minor amounts of sigma and 
Pp (both stained) in unstained matrix of alpha phase; slight contrast between sigma 
and P particles; X500. ৷ 


R phase.—The R phase was discovered in the 1,200? C 
isothermal section of the chromium-cobalt-molybdenum 
ternary system. The crystal structure of the R phase was 
not determined. Ingots of alloys which consisted of the 
R phase had about the same physical characteristics as delta 
and mu alloy ingots. When etched and stained according 
to procedure 3, the R phase was unattacked but stained 
yellow to rusty brown. Small quantities of the sigma, 
mu, or alpha phases in & matrix of R were easily identified 
microscopically. Figure 23 shows alpha and a few particles 
of the sigma phase in à matrix of the R phase. The sigma 
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FIGURE 23.—Alloy 605 containing 18.5 percent chromium, 45.5 percent cobalt, and 36 percent 
molybdenum. Etched and stained according to procedure 3; small es of 
plus minor amounts of unstained (white) alpha phase in stained matrix of R phase; 
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FIGURE 24.—Alloy 513 containing 19.88 m ny chromium, 49.78 percent e sepa = 1 
mo phare enum. Etched an according to procedure 3; phase 
ln three- hats alpe igma- Ee alloy; alpha is unstained Cv white), Seu i sued (ETERS 


particles were stained but not so clearly delineated as un- 
stained alpha particles. The contrast achieved by procedure 
3 18 further illustrated in figure 24, where larger amounts of 
alpha and sigma coexist in a matrix of the R phase. Data 
from 2 typical X-ray diffraction pattern of the R phase are 
presented in table XIII. 

Impurity phases.— Three main impurity phases were ob- 
served in the microstructures of alloys investigated in this 
"work. Metallic oxide inclusions (mostly chromium oxide) 
were present in the alloysin varying amounts. The chromi- 
um-rich epsilon alloys showed the highest number of oxide 
inclusions, while alloys rich in nickel and molybdenum 
showed the least. Metallic oxide inclusions are easily 
recognized in as-polished and unetched microstructures. 
They are generally unattacked by etchants. Chromium- 
oxide particles are visible in figure 13 “which is an epsilon 
alloy etched to bring out the Widmanstátten precipitate 
of sigma. 

Another impurity phase | in some alloys: which 
were melted in zirconia or stabilized zirconia crucibles. The 
amount of this impurity phase was observed to be especially 
high in an alloy which had been slightly overheated during 
melting in & stabilized zirconia crucible. The specimen had 
been forged and homogenized at 1,200° C for 48 hours. 
The microstructure showed small amounts of sigma second 
phase associated with a dark etching phase in a network 
outlining the grains of alpha, suggesting a eutectic origin. 
This structure is illustrated in figure 25. This alloy was 
analyzed by quantitative spectrographic analysis and was 
found to contain more than 1.00 percent zirconium. It 
was concluded that the impurity phase resulted from the 
reaction between the molybdenum-containing liquid metal 
and the crucible. 

Minute amounts of a bright yellow impurity phase were 
found in all alloys which were melted in zirconia or stabilized 
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FIGURE 25.—Alloy 376 pena n 38.76 percent DR RE 31.2 percent cobalt, 27.54 লা 
gery ead লিলি Etched lightly according to procoduro 1; dark oto 
zirconfum Impurity’ phase associated tod with sinall Sonda has par particles A ger So i 
matrix of alpha hase: 
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Zirconi& crucibles. It is believed that tbis impurity, too, 
resulted from zirconium pickup by the alloy. Spectro- 
graphic analysis of an alloy melted in an Alundum crucible 
revealed no aluminum pickup. Microscopic observation 
did not show any impurity connected with aluminum in 
any alloy melted in an Alundum crucible. All alloys in tho 
latter part of this work were melted in Alundum crucibles. 


PHASE DIAGRAMS 


The various phase diagrams determined in the present 
work are described in the following paragraphs. 

Cobalt-nickel-molybdenum ternary system at 1,200° C,— 
The 1,200? C isothermal section of the cobalt-nickel- 
molybdenum ternary system, as drawn from alloy data 
listed in table TIT, is presented in figure 1. For convenience, 
the same diagram with the alloy compositions indicated is 
shown in figure 2. Within the composition ranges investi- 
gated, only solid solutions of the phases known from the 
binary systems were found; no ternary phases occur. About 
two-thirds of the diagram is covered by the alpha phase 
field and the two-phase alpha-plus-mu field. The mu 
phase field penetrates deep into the ternary isothermal 
section, roughly parallel to the cobalt-nickel side. Limited 
solid solutions of delta coexist with the mu and alpha phases 
in two narrow two-phase fields. Alpha, delta, and mu 
coexist in a three-phase field poms toward the nickel 
corner of the diagram. 

The face-centered cubic solid Ee based on the cobalt- 
nickel alpha phase extend to 36 percent molybdenum on the - 
nickel-molybdenum side and to 22.5 percent molybdenum 
on the cobalt-molybdenum side of the diagram. This is 
in good agreement with the published nickel-molybdenum 
and cobalt-molybdenum binary systems. The solubility 
limit of the alpha phase in the ternary isothermal section is 
slightly concave, running from the cobalt-molybdenum side 
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to the corner of the three-phase alpha-delta-mu field (point 
10, fig. 1), and almost a straight line from the corner of the 
three-phase field to the nickel-molybdenum binary diagram. 
The corner of the three-phase field on the alpha boundary 
(point 10, fig. 1) 1s placed at 10 percent cobalt, 35 percent 
molybdenum, and 55 percent nickel. This point was located 
by combined microscopic and X-ray date. Alloy .627 con- 
tained very small amounts of both the delta and mu phases. 
In order to check the microscopic findings, the lattice param- 
eters of saturated alpha alloys along the boundary were 
plotted as a function of cobalt content. The corner of the 
three-phase field is usually indicated by a sudden change in 
the slope of the parameter curve. This plot is presented in 
figure 26 from data listed in table XIV. It is evident from 
figure 26 that the general effect of cobalt going into solid 
solution in the saturated nickel-molybdenum alpha phase is 
to contract the lattice. Unfortunately, however, there were 
not enough points on the parameter curve to locate the cusp 
accurately. The point at which the parameter curve sud- 
denly changes slope was definitely located by determining 
the parameter of the alpha participating in the three-phase 
field. Since the composition of the alpha is constant any- 
where in the three-phase field, the lattice parameter is also 
constant. The composition corresponding to this point. 
on the parameter curve (point 10, fig. 26) gives the location 
of the three-phase-field corner. Within the limits of experi- 
mental accuracy, this point lies between 9.50 and 10.50 
percent cobalt. This result is in excellent agreement with 
the microscopic findings. Tests were made on the repro- 
ducibility of parameter measurements on the same alloy. 
The lattice parameter of an alpha alloy which gave diffrac- 


tion rings that were particularly difficult to read (intensity ” 


maximums due to preferred orientation) was determined 


3.6400 


Weight percent cobalt 


FIGURE 26,—Variation of lattice parameter at 1,200? O of alpha boundary alloys in cobalt- 
nickel -molybdenum ternary system plotted as fü n of cobalt content. 


from five different films, each one taken after replacing the 
Specimen on the camera. The maximum variation in these 
five measurements was 0.001 kX unit. A similar check on 
an alloy which produced sharp, smooth diffraction rings gave 
4 maximum variation in five measurements of only 0.0003 
kX unit. 

In alloy 407 a large discrepancy was found between the 
intended melted’ analysis and the reported chemical analysis. 
Both analyses are reported in table III. The reported 
chemical analysis, however, moves the location of the alloy 


almost parallel to the alpha boundary so that the course of 


the boundary is not changed. The intended analysis is 
plotted in figure 2. 

Solid solutions based on the mu phase extend to at least - 
24 percent nickel (point 11, fig. 1) m the cobalt-nickel-molyb- 
denurn 1,200° C isothermal ternary section. This was con- 
firmed by X-ray investigation. As nickel goes into solid 
solution, the lattice of the mu phase expands gradually, be- 
coming constant in the two-phase delta-plus-mu field and in: 
the three-phase field. The d values for a high-angle X-ray 
line in a series of mu alloys were plotted as a function of 
nickel content, as shown in figure 27. The solubility limit 
is indicated at 24 percent nickel (point 11, fig. 27). The d 
values for the same line in patterns of mu for alloys located 
in the three-phase field were determined as & further check. 
As seen from the data given in table XV, the agreement was 
good. 

The alpha and mu phases coexist in a large two-phase 
field extending from the cobalt-molybdenum side of the dia- 
gram to the carners of the three-phase field on the alpha and 
mu phase boundaries. The corner of the three-phase field 
on the mu phase boundary (point 11, fig. 1) is placed at 17 
percent cobalt, 24 percent nickel, and 59 percent molyb- 
denum. 

The delta phase extends to only 6.5 percent cobalt in the 
isothermal section and coexists with alpha in a two-phase 
field which extends from the nickel-molybdenum side of the 
diagram to the corners of the three-phase field on the alpha 
and delta phase boundaries. The corner of the three-phase 
field on the delta phase boundary (point 12, fig. 1) was found 
to be at 6.5 percent cobalt, 33.5 percent nickel, and 60 percent 
molybdenum. 
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Weight percent nickel 


FiGUEE 27.— Variation at 1,200? O of d values of euy oent. Xa diffraction line of mu 
phase in cobalt-nickel-molybdenum ternary system of nickel content. 
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The composition range of the three-phase alpha-delta-mu 
field is outlined by the three corners (points 10, 11, and 12, 
fig. 1) given above. The obtuse angle of this triangular field 
is at the delta corner. 

Chromium-cobalt-molybdenum ternary system at 1,200° 
C.—Figure 3 is the 1,200° C isothermal section of the 
chromium-cobalt-molybdenum ternary system, drawn in 
accordance with the alloy data listed in table TV. The same 
diagram is presented in figure 4 with alloy compositions indi- 
- cated. In addition to solid solutions of the phases known 
from the binary systems, a new ternary phase, not known in 
any of the binary systems, was discovered. This new 
ternary phase was designated as the R-phase. Solid solu- 
tions of the face-centered cubic alpha phase surround the 
cobalt corner of the diagram. The chromium-cobalt sigma 
phase extends approximately halfway across the isothermal 
section in a field roughly parallel to the chromium-molyb- 
denum side of the diagram, and solid solutions based on the 
cobalt-molybdenum mu phase occur in’ a small field, also ap- 
proximately parallel to the chromium-molybdenum side. 
The R phase field is located between the ends of the sigma 
and mu phase fields. The extension of the mu and R phase 
fields in the direction parallel to the cobalt-molybdenum side 
of the diagram was not investigated in detail. Alpha co- 
exists with the sigma and mu phases in two wide two-phase 
fields and with the R phase in a long, narrow two-phase field. 
The R phase coexists with the sigma and mu phases in two 
narrow two-phase fields. The alpha, sigma, and R phases 
coexist in a three-phase field between the alpha-sigma and 
alpha-R two-phase fields. Alpha, R, and mu, coexist in a 
three-phase field between the two-phase fields of alpha and 
R and of alpha and mu. | 

The solubility of chromium in cobalt at 1,200? C was de- 
termined by Manly and Beck (reference 1) at 34 percent. 
In the present work the solubility of molybdenum in 
cobalt was found to be 22.5 percent. This value is approxi- 
mately 1.00 percent lower than that indicated by the cobalt- 
molybdenum diagram reported by Sykes and Graff (reference 
7). The difference is of the order of magnitude of experi- 
mental error. The alpha phase boundary in the 1,200° C 
isothermal ternary section is a convex curve from the chro- 
mium-cobalt binary to the corner of the three-phase alpha- 
sigma-R field (point 13, fig. 3) and almost a straight line 
from the cobalt-molybdenum binary to the corner of the 
alpha-sigma-R three-phase field. There is a slight cusp on 
the alpha boundary at the corner of the three-phase alpha-R- 
mu field (point 16, fig. 3). The alpha-sigma-R three-phase- 
field corner (point 13, fig. 3) is placed at 21.0 percent chro- 
mium, 66 percent cobalt, and 13 percent molybdenum, while 
the corner of the alpha-R-mu three-phase field (point 16, 
fig. 3) 1s at 16 percent chromium, 69 percent cobalt, and 15 
percent molybdenum. In figure 28, the lattice parameters 
of saturated alpha alloys along the alpha phase boundary 
are plotted as a function of chromium content. Data for 
this plot are given in table XVI. The three-phase-field 
corners on the alpha phase boundary are clearly indicated by 
sharp breaks in the parameter curve. The breaks occur at 
approximately 14.5 and 21.0 percent chromium (points 13 
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FIGURE 28 —Variation of lattice parameter at 1,200? C of alpha boundary alloys in chromium- 
cobalt-molybdenum ternary system plot as function of chromium contont, 


3.5750 


3.5700 


and 16, fig. 28), agreeing well vidi the microscopic work. 
(The reason for the sudden decrease and increase in param- 
eters at the corners is, explained. under ''Discussion.") 

The sigma phase field is & naxrow band, from 40 to 45 
percent cobalt, which penetrates to à maximum of 31 percent 
molybdenum in the 1,200? C isothermal ternary section. 
The corner of the three-phase alpha-sigma-R field on the 
sigma phase boundary (point 14, fig. 3) is at 25 percent 
chromium, 46.5 percent cobalt, and 28.5 percent molyb- 
denum. Evidence was found in the microstructure of alloy 
531 that another three-phase-üeld corner occurs on the sigma 
phase boundary at approximately 27 percent chromium, 42 
percent cobalt, and 31 percent molybdenum. This may be a 
corner of a three-phase sigma-epsilon-R field. It was ob- 
served from X-ray diffraction patterns of the sigma phase 
that the lattice expands as the amount of molybdenum 
in solid solution increases. No quantitative plot of d values 
against composition was made to check the solubility limit, 
however, because the end of the sigma phase field was easily 
located by microscopic means. 

The two-phase alpha-plus-sigma field extends from the 
chromium-cobalt side of the diagram to the corners of the 
three-phase alpha-sigma-R field on the alpha and sigma 
phase boundaries. 

The third corner of the alpha-sigma-R three-phase field 
(point 15, fig. 3) is on the boundary of the R phase at 18 
percent chromium, 44 percent cobalt, and 38 percent molyb- 
denum. The obtuse angle in this triangular field is at the 
sigma corner. : 

"The solubility limits of the R phase in the direction parallel 
to the chromium-molybdenum side of the diagram were 
located at approximately 14.5 and 19.5 percent chromium. 
The alpha-R-mu three-phase-field corner on the R boundary 
(point 17, fig. 3) is placed at 13.5 percent chromium, 44 
percent cobalt, and 42.5 percent molybdenum. The other 
corner of this very narrow three-phase field (point 18, fig. 
3) is on the boundary of the mu phase at 9.5 percent chro- 
mium, 42.5 percent cobalt, and 48 percent molybdenum. 
The obtuse angle in this triangular field is at the corner on 
the R phase boundary. 
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The alpha-plus-R two-phase field is located between the 
three-phase fields of alpha, sigma, and R and of alpha, R, 
and mu. 

The mu phase takes a maximum of approximately 11 
percent chromium into solid solution and coexists with 
alpha in & large two-phase field extending from the cobalt- 
molybdenum binary to the corners of the three-phase alpha- 
R-mu field on the alpha and mu phase boundaries. 

Chromium-nickel-molybdenum ternary system at 1,200° 
C.—The 1,200° C isothermal section of the chromium-nickel- 
molybdenum ternary system was drawn from data given in 
table V and is presented in figure 5. The same diagram 
with the alloy compositions indicated is shown in figure 6. 
Besides the phases known from the binary systems two new 
ternary phases were found to occur in the composition ranges 
investigated. One of these ternary phases has the familiar 
sigma structure and was, therefore, designated sigma. 
The crystal structure of the other new ternary phase, desig- 
nated as the P phase, is unknown. About three-quarters 
of the area of the diagram, within the range of compositions 
investigated, is covered by solid solutions of the alpha phase 
around the nickel corner and by two-phase fields and three- 


phase fields in which alpha coexists with the epsilon, sigma, 


P, and delta phases. The large two-phase fields of alpha 
and sigma and of alpha and P are separated by a very narrow 
three-phase alpha-sigma-P field. A narrow three-phase 
alpha-P-delta field lies between the alpha-P and alpha-delta 
two-phase fields. The alpha and epsilon phases coexist in a 
two-phase field along the chromium-nickel side of the dia- 
gram. The three-phase alpha-sigma-epsilon field, which 
separates the alpha-epsilon and alpha-sigma two-phase 
fields, is relatively large in comparison with the other three- 
phase fields. The ternary sigma phase coexists with epsilon 
and P in 2 two-phase fields. Delta and P coexist in a small 
two-phase field. 

At 1,200° C solid solutions of face-centered cubic nickel 
in the chromium-nickel binary system extend to 57.5 percent 
chromium and in the nickel-molybdenum binary system, to 
36 percent molybdenum. The alpha phase boundary in 
the ternary isothermal section has a sharp peak at the alpha 
corner of the three-phase alpha-epsilon-sigma field (point 
19, fig. 5). This point was located by microscopic means 
at 43 percent chromium, 53.5 percent nickel, and 3.5 per- 
cent molybdenum. Except for a slight cusp at the alpha 
corner of the other three-phase fields (points 22 and 25, 
fig. 5), the alpha boundary is fairly straight from the nickel- 
molybdenum binary to the alpha corner of the three-phase 
alpha-epsilon-sigma field. From data listed in table XVII, 
the lattice parameters of saturated alpha alloys along the 
alpha boundary were plotted in figure 29 as a function of 
chromium content. The alpha-epsilon-sigma three-phase- 
field corner on the alpha boundary (point 19, fig. 5) is very 
clearly indicated at about 43 percent chromium by the 
drastic break in the curve (point 19, fig. 29). The curve is 
almost vertical beyond this point because the chromium 
content of saturated alpha coexisting with the epsilon phase 
varies between only 43 and 42.5 percent. The break in the 
parameter curve at 23 percent chromium (point 22, fig. 29), 
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plotted as function of chromium content. 


though not so drastic, is also in good agreement with the 
location of the three-phase alpha-sigma-P field corner (point 
22, fig. 5) from microscopic findings. The alpha corner of 
the three-phase alpha-P-delta field (point 25, fig. 5) is not 
manifested by & pronounced cusp and is almost impercep- 
tible. This point was located at 6 percent chromium, 
61.5 percent nickel, and 32.5 percent molybdenum by care- 
fully determining the boundaries of the three-phase alpha- 
P-delt& feld. Extrapol&ted segments of the parameter 
curve indicate a break at approximately 7.5 percent chro- 
mium (point 25, fig. 29), in fair agreement with the above 
observations. 

The epsilon boundary was determined only along the 
two-phase alpha-epsilon field. This boundary extends from 
the chromium-nickel side of the diagram to the epsilon corner 
of the three-phase alpha-epsilon-sigma field (point 20, fig. 5). 
As shown in figure 5, alpha, epsilon, and sigma coexist in a 
three-phase field whose boundaries are as follows: The alpha 
corner (point 19, fig. 5) at 43 percent chromium, 53.5 percent 
nickel, and 3.5 percent molybdenum; the sigma corner 
(point 21, fig. 5) at 49 percent chromium, 28 percent nickel, 
and 23 percent molybdenum; and the epsilon corner (point 
20, fig. 5) at 60 percent chromium, 29.5 percent nickel, and 
10.5 percent molybdenum. 

The sigma. phase field is approximately parallel to the 
chromium-molybdenum side of the diagram, comprising a 
range of about 23 to 49 percent chromium. As molybdenum 
replaces chromium in the sigma structure, the lattice expands. 


Weight percent chromium 
FIGURE 30.— Variation at 1,200? O of d values of twenty-third X-ray diffraction line of 
chrorni ternary system 
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This is clearly illustrated in figure 30, which was plotted from 
the data given in table XXVIII. The variation of one high- 
angle d value for a series of saturated sigma alloys along 
both sides of the sigma field is shown as & function of chro- 
mium content. The two curves meet at approximately 48 
percent chromium (point 21, fig. 30), corresponding closely 
to the sigma corner of the three-phase alpha-epsilon-sigma 
field (point 21, fig. 5). 

Solid solutions of the new ternary P phase exist between 
8 and 19 percent chromium. The two-phase fields of P and 
sigma and of P and delta are very narrow, each one extending 
over a range of only about 4 percent chromium. 

The corners of the three-phase alpha-sigma-P field are 
located at the following points: The alpha corner (point 22, 
fig. 5) at 23 percent chromium, 57.5 percent nickel, and 19.5 
percent molybdenum; the sigma corner (point 23, fig. 5) at 
22 percent chromium, 31 percent nickel, and 47 percent 
molybdenum; and the P corner (point 24, fig. 5) at 19 percent 
chromium, 32.5 percent nickel, and 48.5 percent molybdenum. 

At 1,200° C the nickel-molybdenum delta phase dissolves 
only about 4 percent chromium. This phase coexists with 
alpha in a long, narrow, almost rectangular two-phase field 
along the nickel-molybdenum binary system. 

The boundaries of the extremely narrow three-phase 
alpha-P-delta field are located by the following points: The 
alpha corner (point 25, fig. 5), as described above; the P 
corner (point 26, fig. 5) at 8 percent chromium, 34.5 percent 
nickel, and 57.5 percent molybdenum; and the delta corner 
(point 27, fig. 5) at 4 percent chromium, 37.5 percent nickel, 
and 58.5 percent molybdenum. 

Some discrepancies were noted in a few iss of chromium, 
nickel, and molybdenum near the three-phase alpha-epsilon- 
sigma field. The microstructure of alloys 475, 569, and 597 
showed only two phases, alpha and sigma, although, accord- 
ing to the intended compositions of these alloys, they should 
contain three phases. Chemical analysis of these alloys 
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moved 569 and 597 into the two-phase alpha-sigma field, 
thus removing the discrepancy for these two alloys. Alloy 
475, however, still remained in the three-phase alpha-epsilon- 
sigma field. In drawing the phase boundary between the 
two-phase alpha-sigma and the three-phase alpha-epsilon- 
sigma fields, alloy 475 was neglected. The microstructure of 
alloy 640 showed small amounts of the epsilon phase. The 
chemical analysis of this alloy, however, would place it in the 
sigma phase field. Both the melted and chemical analyses 
are given in table V, but the intended melted analysis is 
plotted in figure 6. Alloys 598 and 600 contained more 
sigma than would be expected from the phase diagram. ‘This 
is probably a result of the difficulty in obtaining equilibrium 
in chromium-rich alloys. 

Small amounts of a phase not explainable from the phase 
diagram were observed in alloys 622 and 447. The.identity 
of this phase is not known. It may have resulted from 
nonequilibrium or segregation. Small particles of this 
unknown phase are shown in figure 31, where second-phase 
particles of alpha in a sigma matrix are also seen. 

Alpha boundaries in constant-molybdenum sections of 
chromium-cobalt-nickel-molybdenum quaternary system at 
1,200? C.—Figure 7° is a 1,200? C isothermal diagram in 


which the alpha phase boundaries for the 2.5-, 5-, 10-, and 


20-percent-molybdenum sections through the chromium- 
cobalt-nickel-molybdenum quaternary system are plotted. 
Figure 8 is the same diagram with the alloy compositions 
from table VI indicated. 

At constant temperature a quaternary phase diagram is 
represented by a tetrahedron, each corner point of which 
corresponds to 100 percent of one component. The four 
faces of the tetrahedron, then, are isothermal sections of four 
ternary systems, and the six edges are isothermal binary 
sections. In the chromium-cobalt-nickel-molybdenum qua- 
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ternary system at 1,200? C sections of constant molybde- 
num content are triangular sections through the tetrahedron 
parallel to the chromium-nickel-cobalt face. As the amount 
of molybdenum increases, the size of the equilateral triangle 
becomes smaller. Because of this change in size, these 
sections cannot be superimposed upon each other for the 
purpose of showing, in 2 two-dimensional diagram, the limits 
of a phase in the quaternary system. In order to facilitate 
the diagrammatic presentation of results and to allow direct 
comparison of the effect of increasing molybdenum content, 
on the alpha boundary, the following method was used: 


Each section of constant molybdenum content was projected . 


onto the chromium-cobalt-nickel ternary isothermal section 
by using the molybdenum corner of the tetrahedron as the 
center of projection. This projection may be accomplished 
arithmetically by increasing proportionately the percentages 
of chromium, cobalt, and nickel in the quaternary composi- 
tion to add up to 100 percent and then plotting quaternary 
compositions as if they were ternary chromium-cobalt- 
nickel compositions. The correction factor for each section 
is the inverted fraction of the total amount of chromium, 
cobalt, and nickel in the quaternary composition. For 
example, in a quaternary alloy containing 20 percent molyb- 
denum, 10 percent chromium, 10 percent cobalt, and 60 
percent nickel, the chromium, cobalt, and nickel represent 
eight-tenths of the total composition. Multiplying the 
quaternary percentages of chromium, cobalt, and nickel by 
the inverted fraction, that is, 10/8, gives the projection of 
this quaternary point on the chromium-cobalt-nickel ternary 
diagram, While the molybdenum content of alloys used to 
fix the alpha boundaries was actually never exactly 2.5, 5, 
10, or 20 percent, the corresponding boundaries were corrected 
by factors of 10/9.75, 10/9.5, 10/9, and 10/8, respectively. 
The results are shown in figure 7, using this method of plot- 
ting. An alternative method was used in figure 32 where the 
actual solubility of chromium in the alpha phase at the 
various constant molybdenum levels is plotted as a function 
of actual cobalt content. The data for these curves were 
interpolated from figure 7 and are tabulated in table XIX. 
The alpha phase boundary in the 1,200° C isothermal section 
of the chromium-cobalt-nickel ternary system was de- 
termined by Manly and Beck (reference 1) and is included 
for comparison. 

As seen from figures 7 and 32, increasing the molybdenum 
content decreases the solubility of chromium in the alpha 
phase, thereby decreasing the extent of the alpha field at 
1,200? C. At the chromium-nickel side of the diagram the 
solubility of chromium in alpha first increases slightly and 
then rapidly decreases beyond’ about 5 percent molybdenum. 

No attempt was made to identify the phases which coexist 
with the alpha phase in the quaternary system, but some 
general statements can be made from observations of the 
chromium-cobalt-molybdenum and chromium-nickel-molyb- 
denum ternary systems at 1,200° C. On the chromium- 
cobalt side of the diagram the sigma phase coexists with 
alpha from 0 to approximately 12.5 percent molybdenum. 
Between 12.5 and approximately 16 percent molybdenum the 


- molybdenum the mu phase coexists with alpha. 
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ternary R phase coexists with the alpha phase at the chro- 
mium-cobalt side of the diagram. Above 16 percent 
On the 
chromium-nickel side of the diagram the alpha phase coexists 
with epsilon from 0 to approximately 3 percent molybdenum 
and with the ternary sigma phase between 3 and about 19 
percent molybdenum. The ternary P phase coexists with 
alpha on the chromium-nickel side between 19 and 33 percent 
molybdenum. The delta and quaternary alpha phases co- 
exist over very limited composition ranges, above 33 percent 
molybdenum. It is not known whether the chromium- 
cobalt-molybdenum and  chromium-nickel-molybdenum 
sigma phases form an uninterrupted series of solid solutions 
through the quaternary system at 1,200° C, although there 
is some basis for expecting it, as stated under “Discussion.” 

In the 2.5-, 5-, and 10-percent-molybdenum alpha bounda- 
ries no sharp breaks were found from the metallographic 
data, and X-ray parameter plots are not available to check 
this. However, in figure 32, there is some indication of a 
cusp on the 2.5- and 5-percent alpha boundaries at approxi 
mately 20 percent actual cobalt content. Evidence of two 
corners on the 20-percent-molybdenum alpha phase boundary 
was found, one being at approximately 61 percent actual 
cobalt content (point 28, fig. 32) and the other, at approxi- 
mately 24 percent actual cobalt content (point 29, fig. 32). 
The lattice parameters of saturated alpha alloys along this 
boundary were plotted as a function of actual cobalt content 
in figure 33. The data for this plot are given in table XX. 
Two distinct breaks occur in the curve of parameter against 
composition at approximately 24 and 62 percent actual 
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FIGURE 33.—Variation of lattice paramere at Lao” O of alpha boundary alloys in 20-percent- 
molybdenum section of chromium-cobalt-nickel-mol vbdan am guaternary system plotted 
asa function of actual cobalt content. 

cobalt content (points 28 and 29, fig. 33). 


agreement with the microscopic results. 


This is in good 


DISCUSSION 


In view of the fact that the face-centered cubic (alpha) 
solid solutions form the matrix of almost all practically 
useful high-temperature alloys, the extent of the alpha phase 
field in the chromium-cobalt-nickel-molybdenum quaternary 
system and in the four adjoining ternary systems at 1,2009 
C is of great interest. The alpha phase field in the 1,200? C 
isothermal section of the chromium-cobalt-nickel ternary 
system was shown previously to-be very broad (reference 1). 
In the cobalt-nickel-molybdenum ternary system, also, the 
alpha phase field is quite large. As the cobalt content in- 
creases, the solubility of molybdenum in the alpha phase 
decreases from 36 percent in the nickel-molybdenum binary 
system at 1,200° C to 22.5 percent molybdenum in the cobalt- 
molybdenum system. Both the delta and mu phases, which 
coexist with alpha m the cobalt-nickel-molybdenum ternary 
system at 1,200? C, are very hard, although their presence 
in alpha alloys does not appear to have nearly so drastic an 
effect on toughness as that of the sigma phase. 

Solid solutions of the alpha phase surround the cobalt 
corner of the chromium-cobalt-molybdenum ternary iso- 
thermal section and the nickel corner of the chromium-nickel- 
molybdenum ternary isothermal section. In both of these 
systems the extent of the alpha phase field is small in com- 
parison with the chromium-cobalt-nickel and the. cobalt- 
nickel-molybdenum alpha fields. It is interesting to note 
that in the chromium-nickel-molybdenum isothermal section 
the sigma phase coexists with alpha above 3.5 percent 
molybdenum. The fact that the brittle sigma phase may 
precipitate out of supersaturated alpha containing more than 
3.5 percent molybdenum is of great practical importance, 
since considerable amounts of the sigma phase may seriously 
im pair the forging characteristics of alpha alloys. 
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In the chromium-cobalt-nickel-molybdenum quaternary 
system the extent of the alpha phase field at 1,200? C becomes 
smaller as the molybdenum content increases. In quater- 
nary alloys above 36 percent molybdenum alpha probably 
does not occur in & single phase field, although it coexists 
with other phases up to approximately 61 percent molyb- 
denum. 

Some interesting features were observed in the variation 
of lattice parameter of alpha with composition. Taylor 
(reference 19) has shown that the general effect of increasing 
cobalt content in nickel-cobalt binary alloys is to increase 
the lattice parameter of the alpha phase. Figure 26 shows 
that the lattice parameter of saturated nickel-molybdenum 
alpha decreases with increasing cobalt content. Also, from 
figure 33, along the alpha boundary in the 20-percent con- 
stant-molybdenum quaternary section, the lattice parameter 
again decreases with increasing cobalt content. Molyb- 
denum going into binary solid solution increases the lattice 
parameter of both nickel and cobalt. Although nickel itself 
has a smaller a, than cobalt, the lattice parameter of saturated 
nickel-molybdenum alpha is larger than that of saturated 
cobalt-molybdenum alpha. Apparently, chromium has the 
same general effect as molybdenum. The peculiar variation 
of the lattice parameter along the alpha boundary in the 
1,200° C isothermal section of the chromium-cobalt-molyb- 
denum ternary system (fig. 28) may be interpreted as shown 
in figure 34, which is a schematic sketch of the ternary section 
with isoparameter lines drawn in the alpha phase field. 
The decrease of lattice parameter beyond the corner of the 
three-phase alpha-sigma-R field results from the intersection 
of lower and lower isoparameter lines with the alpha phase 
boundary. At the alpha-R-mu three-phase-field corner, 
the lattice parameter reaches a minimum value, and beyond 
this pomt the alpha boundary again intersects successively 
higher isoparameter curves until the cobalt-molybdenum 
side of the diagram 18 reached. 

The accuracy of the location of the alpha phase boundaries 
is estimated to about +1 percent of any component. Ohem- 
ical analysis of all definitive boundary alloys gave generally 
good correlation with intended compositions. Any large 
discrepancies were usually found to be errors in chemical 
analysis, although, in some instances referred to in the de- 
scription of results, the alloy compositions appeared to bo 


‘In fact different from the intended compositions. 


The occurrence of the brittle intermetallic sigma phase 
in alloy systems involving the transition elements is intor- 
esting from both the fundamental and practical viewpoints. 
The presence of sigma, even in small amounts, in high- 
temperature alloys is undesirable because of the brittleness 
which. it imparts to alloys. The composition ranges over 
which sigma exists are, therefore, important. In the cobalt- 
nickel-molybdenum ternary system at 1,200? C the sigma 
phase does not occur. However, solid solutions of the chro- 
mium-cobalt sigma phase penetrate deep into the 1,200° O 
isothermal section of the chromium-cobalt-molybdenum 
ternary system, and in this system sigma coexists with alpha 
below 13 percent molybdenum (fig. 3). In the present 
investigation a ternary sigma phase was found in the 1,200° 
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FIGURE 34.—Schematic sketch of alpha-phase-field boundary at 1,200? O in chromium-cobalt-molybdenum ternary system with hypothetical isoparameter lines shown. 


C isothermal section of the chromium-nickel-molybdenum 
ternary system. ‘The sigma phase in this system was also 
found independently by Putman, Grant, and Bloom (refer- 
ence 20). In a discussion of their paper, Beck (reference 20) 
presented 2 tentative diagram for the chromium-nickel- 
molybdenum ternary system at 1,200° C. This diagram was 
refined in the present investigation. and is presented in figure 
5. At 1,200? C the sigma phase coexists with alpha in chro- 
mium-nickel-molybdenum alloys containing from 3.5 to 19 
percent molybdenum. 

The sigma phases in the chromium-cobalt-molybdenum 
and chromium-nickel-molybdenum ternary systems may 
form a, continuous series of solid solutions in the chromium- 
cobalt-nickel-molybdenum quaternary system at 1,200° C. 
If such quaternary sigma solid solutions do occur, the sigma 
phase might very likely coexist with alpha in the 1,200° C 
isothermal quaternary section over wide ranges of the alpha 


phase boundary in alloys containmg 3.5 to 13 percent 
molybdenum. Some indication that the sigma phases do 
form an uninterrupted series of quaternary solid solutions is 
found in the 10-percent constant-molybdenum section. The 
alpha boundary in this section has no pronounced break 
suggestive of a three-phase-field corner, and sigma does 
coexist with alpha at both ends of the phase boundary. 

The shape and location of the sigma phase field in the 
chromium-cobalt-molybdenum and chromium-nickel-molyb- 
denum isothermal sections give further support to the pre- 
vious observation (reference 15) that atoms of transition 
elements having the same crystal structure can substitute 
for each other in the formation of the sigma phase. In the 
chromium-cobalt-molybdenum isothermal section (fig. 3) 
the sigma phase field extends in a direction parallel to the 
chromium-molybdenum side of the diagram, and approxi- 
mately half of the chromium is replaced by molybdenum. 
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Again in the chromium-nickel-molybdenum ternary iso- 
thermal section (fig. 5) the ternary sigma phase occurs in & 
long, narrow field parallel to the chromium-molybdenum 
side of the diagram. In these two systems body-centered 
cubic transition elements are substituting for each other. 
In the chromium-cobalt-nickel ternary system at 1,200° C 
the sigma phase field is parallel to the cobalt-nickel side of 
the diagram, indicating that nickel is replacing cobalt (both 
face-centered cubic) while the chromium content remains 
essentially unchanged (references 1 and 15). 

As the molybdenum content of the sigma phase increases, 
the lattice expands in both the chromium-cobalt-molyb- 
denum and the chromium-nickel-molybdenum systems. It 
is interesting that an X-ray diffraction pattern of a chro- 
mium-cobalt-molybdenum sigma alloy saturated with mo- 
lybdenum is almost identical to a pattern of chromium- 
nickel-molybdenum sigma of the lowest - molybdenum 
content. 

The existence of a ternary sigma phase in the chromium- 
nickel-molybdenum ternary system is rather unexpected, as 
none of the adjoining binaries are known to have a sigma 
phase. From the results of the investigation of the 1,200° 
C isothermal section of the chromium-cobalt-nickel ternary 
system, Beck and Manly (reference 15) suggested that the 
nickel-chromium system, which is not reported to include 
any intermediate phase, might contain a sigma phase at 


some lower temperature, and Duwez and Baen (reference 16) = 


note that, according to the criteria postulated by them, the 
nickel-chromium system would be expected to have a sigma 
phese. The ternary sigma phase found in the chromium- 
nickel-molybdenum system may have some connection: with 
the suspected nickel-chromium binary sigma phase. At- 
tempts were made to confirm this by annealing for long 
periods of time an alloy of 38 percent nickel and 62 percent 
chromium at temperatures below 600° C. These experi- 
ments were, however, not successful. This does not rule 
out the possibility of the existence of sigma in this system at 
a temperature so low that the diffusion rates are prohibitively 
low. 

From the experimental results of this and other investiga- 
tions of alloy systems in which the sigma phase occurs, a 
criterion for the formation of the sigma phase was developed 
in terms of electron vacancy concentration im the 3d sub- 
band. Details of this development are given in reference 21. 
Briefly, the procedure is to calculate the electron vacancy 
concentration JV, in any alloy from the 3d sub-band electron 
vacancies in each component of the alloy, and from the 
atomic percent concentration of the'components. Electron 
vacancy numbers for chromium, cobalt, and nickel were given 
by Pauling (reference 22; see also reference 23). Molyb- 
denum was assumed to have the same number of vacancies 
in the 4d sub-band as chromium has in the 3d sub-band, on 
the basis that their electronic structure is similar in the 
outermost shells. The formula for calculating J, is given as 


N,=4.66(Cr-+Mo)-+3.66 (Mn) +2.66 (Fe) +1.71 (Co) + 
0.61 (Ni) 


It was found possible to define fairly well the composition 
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ranges over which the sigma phases occur in terms of electron 
vacancy concentration calculated from this formula. Almost 
all of the binary and ternary sigma phase fields were found 
to fall within a rather narrow range of electron vacancy con- 
centration. The favorable range of concentration seems to 
be from 3.15 to 3.65N,. It appears that the composition 
ranges of other intermetallic phases occurring in alloy systems 
of transition elements can also be defined in terms of electron 
vacancy concentration, although some overlapping may 
occur. 

There are some interesting features connected with the 
solid solutions designated mu in the present investigation. 
For example, the mu phase, commonly referred to as epsilon 
in the cobalt-molybdenum binary system, is isomorphous 
with the corresponding intermediate phase in the iron-molyb- 
denum, cobalt-tungsten, and iron-tungsten binary systems 
(reference 11). Köster and Tonn (reference 24) reported 
that the mu phases in the iron-molybdenum and cobalt- 
molybdenum binary systems form a continuous series of 
solid solutions across the 1,300° C isothermal section of the 
iron-molybdenum-cobalt ternary system. In the iron- 
molybdenum-cobalt system the mu phase field extends in a. 
direction approximately parallel to the iron-cobalt side of the 


" diagram, so that the face-centered cubic elements iron and 


Po 


-content remaining constant. 


cobalt substitute for each other while the molybdenum 
content remains unchanged. As shown in the present work, 
solid solutions of the mu phase extend more than halfway 
across the 1,200? C isothermal section of the cobalt-nickel- 
molybdenum ternary system (fg. 1). Here, again, the 
face-centered cubic elements cobalt and nickel replace each 
other, while the molybdenum content remains essentially 
unchanged. The body-centered cubic elements chromium 
and molybdenum seem to replace each other in forming the 
mu phase in the 1,200? C isothermal section of the chromium- 
cobalt-molybdenum ternary system (fig. 3), with the cobalt 
In agreement with these 
observations one would expect that solid solutions of tho mu 
phase in ternary systems of iron, cobalt, molybdenum, and 
tungsten would also extend in such a manner that atoms of 
elements having the same crystal structure could substitute 
for each other. The intermediate nickel-molybdenum delta 
phase forms only limited solid solutions in the cobalt-nickel- 
molybdenum and chromium-nickel-molybdenum isothermal 
sections (figs. 1 and 5). 

In addition to the ternary sigma phase, another new 
ternary phase P was discovered in the 1,200° C isothermal 
section of the chromium-nickel-molybdenum ternary system. 
The P phase field is located between the ends of the sigma 
and delta phase fields (ig. 5). In physical characteristics 


and microstructure the P and sigma phases are very much 


alike, but the X-ray diffraction patterns of the two phases 
are quite different. The differentiation between P and sigma 
provides a good example of the need to supplement micro- 
scopic work with X-ray diffraction to identify the phases. 
In alloys consisting wholly of P or sigma it was impossible to 
identify the phase present by any of the microscopic tech- 
niques used in this investigation, even though if was possible 
to differentiate microscopically between sigma and P when 
they occurred s:de by side in the same alloy. 
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The 1,200? C isothermal section of the chromium-cobalt- 
molybdenum ternary system was also found to contain a 
ternary phase, located between the ends of the sigma and 
mu phase fields (fig. 3). This phase R has a distinctive 
X-ray diffraction pattern (table XLT) and it is easily differ- 
entiated microscopically from the sigma or mu phases when 
these phases occur in the same alloy. However, as in the 
case of chromium-nickel-molybdenum ternary sigma and P 
phases, chromium-cobalt-molybdenum alloys consisting 
wholly of the R or sigma phases could not be differentiated 
microscopically (except possibly by microhardness). Final 
identification was made in all cases by X-ray diffraction. 


CONCLUSIONS 


A survey at 1,200° C of portions of the chromium-cobalt- 
nickel-molybdenum quaternary system and of the component 
cobalt-nickel-molybdenum, chromium-cobalt-molybdenum, 
and chromium-nickel-molybdenum ternary systems indicated 
the following conclusions: 

1, A portion of the 1,200° C isothermal section of the 
cobalt-nickel-molybdenum ternary system was investigated, 
using 47 vacuum-melted alloys with molybdenum contents 
up to 2 maximum of 62 percent. The system features an 
extensive range of face-centered cubic (alpha) solid solutions 
based on the cobalt-nickel binary system, solid solutions 
based on the nickel-molybdenum binary delta phase, and 
solid solutions based on the cobalt-molybdenum binary mu 
phase. The narrow delta and mu phase fields penetrate into 
the ternary system to 6.5 percent cobalt and 24 percent 
cobalt, respectively, and coexist in a narrow two-phase delta- 
plus-mu field. The alpha phase coexists with the delta and 
mu phases in two wide two-phase fields and an alpha-delta- 
mu three-phase field. 

2. A portion of the 1,200° C isothermal section of the 
chromium-cobalt-molybdenum ternary system was deter- 
mined, using 85 vacuum-melted alloys with molybdenum 
contents up to a maximum of 53 percent and cobalt contents 
of 35 percent and more. The phases present in this compo- 
sition range were found to be the face-centered cubic (alpha) 
solid solutions around the cobalt corner, solid solutions 
based on the chromium-cobalt binary sigma phase, solid 
solutions based on the cobalt-molybdenum binary mu phase, 
and a new ternary phase R, of fairly small composition 
range, which does not appear in any of the binary systems. 
The sigma phase was found to extend in an elongated field 
from the chromium-cobalt binary into the ternary system 
along a line of approximately constant cobalt content of 45 
percent, taking molybdenum into solution up to a maximum 
of 31 percent, so that up to about half of the chromium is 
replaced by molybdenum. The R phase, comprising a range 
of chromium contents from about 14.5 to 19.5 percent, is 
located between the ends of the sigma phase field and of the 
mu phase field, and it coexists with the sigma and mu phases 
in 2 two-phase fields. The cobalt-molybdenum binary mu 
Phase extends into the ternary system up to approximately 
11 percent chromium. The alpha face-centered cubic solid 
solutions coexist with the sigma, R, and mu phases in three 
rather wide two-phase fields and two narrow three-phase 
fields of alpha, sigma, and R and of alpha, R, and mu. 


লাস 


3. The 1,200? C isothermal section of the chromium- 
nickel-molybdenum ternary system was investigated in the 
composition range of 0 to 59 percent molybdenum and 18 
to 100 percent nickel, using 119 vacuum-melted alloys. The 
following phases were located: The face-centered cubic 
(alpha) solid solutions around the nickel corner, the body- 
centered cubic (epsilon) solid solutions based on chromium, 
solid solutions based on the nickel-molybdenum binary delta 
phase, the ternary sigma solid solutions which, at 1,200° C, 
are not connected with any of the binary systems, and another 
ternary phase P, which has not been encountered in any of 
the binary systems. The ternary sigma phase is located in a 
long, narrow field between about 21 and 49 percent chromium 
and approximately 23 to 30 percent molybdenum, which 
extends approximately parallel to the chromium-molybdenum 
side of the ternary diagram, as found also in the chromium- 
cobalt-molybdenum ternary system. Here, too, the shape 
and location of the sigma field indicate that chromium and 
molybdenum can substitute for each other in forming the 
sigma phase. Successive pairs of the epsilon, sigma, P, 
and delta phases coexist in 3 two-phase fields. The alpha 
solid solution coexists.with the epsilon, sigma, P, and delta 
phases in 4 two-phase fields and 3 three-phase fields of alpha, 
epsilon,-and sigma; alpha, sigma, and P; and alpha, P, and 
delta. The two-phase alpha-plus-sigma field covers an 
extensive area, starting at molybdenum contents as low as 
3.5 percent. 

4. The alpha solid-solution phase boundary in the chro- 
mium-cobalt-nickel-molybdenum quaternary system at 
1,200° C was determined for constant molybdenum contents 
of 2.5, 5, 10, and 20 percent. The over-all effect of molyb- 
denum additions to the chromium-cobalt-nickel ternary 
system at 1,200° C is to decrease the extent of the face- 
centered cubic (alpha) solid solutions, that is, to shift the 
alpha phase boundary toward lower chromium contents. 
At 1,2009? C the alpha phase boundary in the 2.5-percent- 
molybdenum section is essentially the same as that in the 
chromium-cobalt-nickel ternary system, except near the 
chromium-nickel side, where it is moved toward higher 
chromium contents. The phases which coexist with the 
alpha phase in the 2.5-percent-molybdenum section are 
sigma and epsilon. In the 5-percent constant-molybdenum 
section the alpha-phase-boundary shift becomes more evi- 
dent, although the magnitude of the shifting is still relatively 
small. The sigma phase is seen to coexist with the alpha 
solid solutions near both the chromium-cobalt and the chro- 
mium-nickel sides of the.diagram. This is due to the pres- 
ence of the ternary sigma phase in the chromium-nickel- 
molybdenum ternary system at 1,200? C. The alpha phase 
also coexists with epsilon and sigma in a three-phase field 
near the chromium-nickel side of the diagram. The shift 
of the alpha phase boundary toward lower chromium con- 
tents is more pronounced in the 10-percent-molybdenum 
section of the isothermal quaternary system. Again the 
sigma, phase is seen to coexist with the alpha solid solutions 
at both the chromium-cobalt and the chromium-nickel ends 
of the alpha phase boundary. The alpha phase also coexists 
with epsilon and sigma in a three-phase field near the chro- 
mium-nickel side of the diagram. The alpha phase bound- 
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ary in the 20-percent-molybdenum section is shifted to 4 
percent chromium on the chromium-cobalt side of the dia- 
gram and to 30 percent chromium on the cbromium-nickel 
side. The mu phase coexists with the alpha solid solutions 
near the chromium-cobalt side of the quaternary section, 
whereas the ternary P phase coexists with the alpha phase 
at the chromium-nickel end of the alpha phase boundary. 

5. The results of this investigation give further support to 
the conclusion that atoms of both face-centered and body- 
centered cubic transition elements are required to form the 
sigma phase and that elements having the same crystal 
structure can substitute for each other. It appears that the 
same criterion may hold for ternary solid solutions of the 
cobalt-molybdenum intermediate mu phase, which is iso- 
morphous with the corresponding intermediate phases in the 
iron-molybdenum, cobalt-tungsten, and iron-tungsten binary 
systems. The composition ranges over which the sigma 
phases exist can be described fairly well in terms of electron 
vacancy concentration in the 3d sub-band. This suggests a 
criterion for predicting whether or not the sigma phase may 
occur within any given composition range in alloy systems 
involving the transition elements. 


University or Notre DAME, 
Norre DAME, Inb., January 31, 1951. 
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TABLE I 
LOT ANALYSES BY WEIGHT PERCENT 


Elementor| Cobalt 


compound | rondelles 


TABLE II 
CRUCIBLES USED FOR MELTING ALLOYS 


273 
311 to 314 
320 


402 to 405 
414 to 419 


FEEEREEEELD 


S55 5 8 
SES 3 8 
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TABLE III 
DATA FOR THE PHASE DIAGRAM OF THE COBALT-NICKEL-MOLYBDENUM SYSTEM AT 1,200° C 


Phases (percent) found from— 


Analysis (weight percent) | Phases trom figure 2 


Alloy 


+ 309 77.08 | ...... 22. 02 908 is 2 eles 5 | Alphas 48 
400 | -.-.-- 05 35 100 ==== লৰ — sau, AIDHA eos === == == eo S TN 48 
401 30 40 30 98 === 3 ---- |Tracs | এ]]2}ঞ- ---------=--=-===---=-=-= 48 

4407 20 50 30 100 =3== = === === == ==. | DUNS cesa cusan ee pH 56 

17.4 32.0 

b 408 49. 63 24. 95 25. 43 99 M 1 cuu race: |: AIDBS. == ============= === es 65 
420 32 4 26 100 ==== = === NIS does AI Po) ia esca See ceni 48 
427 | =-=--= 63 32 100 Ec লভ = Suse [.9][)]) 8555 Sa aaa as ALL esas am 48 
432 ri NN tm 21 100 div "T == EE Soo ========= == === TNR DM 48 
440 50 28 22 100 ae — E dome: PODER celle ote nin 48 
441 20 57 23 100 == 2 === === sas KAIDA ia 48 

* 481 49. 89 20. 47 23. 04 100 — == acus ==. | Alpha p 48 
462 20 ঠৰ 26 100 aai Sas — === AIDHA === === === === == === == == 48 

8486 | ------ 62. 92 37. 08 97 Mai 3 5 sosa TL ADDR sb: este = === === === 65 

" 493 20 53 27 100 Ls Mns = === Lots UD 2]})}8554555558. 45 5555 s hne. 48 
540 65 12 23 100 See === = Wade === ঞ%]1]0[}8:54=== === === == = == == = === == 48 - 
511 10 58 82 100 m == === == 2.4]]8.5=5=== === === == === তত === == 48 
552 (4 li 25 98 Ramee 2 === 4 -O Aa) o r: 48 
553 10 58 34 100 ws EA =ন== assu ADI oe seed rc de == এ= লভ = == লা 48 

5 620 30. 24 40. 84 23. 92 100 === লি Mm AI = == == === = == = = == = = 48 
027 10,2 53. 72 38. 08 88 (Trace 2 I 34| sius Mc ck 48 
679 15 52 33 100 -... |Trace zone [Trace | AIphB..........-----------.-.- 48 

Alpha-plus-mu alloys ° 
421 Bb: Conse 45 30 dE 70 25 AER 75 | Alpha plus mu.-......-.....-. 95 
443 15 35 50 40 == 60 50 ==== 50 | Alpha plus mu............-.-. 95 
443 25 25 50 30 siis 70 25 -— 75 | Alpha plus mu................ 95 
444 35 15 50 20 === 80 25 === = 75 | Alpha plus mu............- UNE 95 
১ 530 18. 23 24. 12 57. 60 1 uma 99 5 ee 95 | MU....---.---—— RUE 95 
516 14 46 . 40 75 aw 25 80 soya 20 | Alpha plus mu..............- 95 
547 18 42 40 70 TEE 30 7b একল 25 | Alpha plus mu............-.-. 95 
548 22 38 40 70 —— 30 75 | -.-- 26 | Alpha plus mu..-.....-...-.- 95 
554 22 28 50 35 eras 65 5 cee 05^ থৈ eO TL PUER 95 
715 12 48 40 80 — 20 75 লভ == 25 | Alpha plus mu............-.-. 95 


Mu alloys ° 


414 | wu... 49 5l 10 60 95 

485 5 45 50 45 55 95 

520 4 38 58 10 90 95 

521 7 35 58 10 90 95 

677 4 38 60 1 99 95 
Delta-plus-mu alloys * 

b 595 7. 05 30. 78 02. 17 === 95 জি 95 5. | ]26]৮6.================ = === = === 95 
* 628 7. 22 32. 65 60. 13 ae 08 1 95 4 | Delta. Re === = == = ৪ === === = 95 
Alpha-plus-delta-plus-mu alloys ¢ 
464 10 Alpha plus delta plus mu..... 95 
522 10 Delta plus mu................ 95 
523 13 Delta plus mu. ............... 95 
537 18 ্টেলল============ == === === == = =< 95 
551 12 Alpha plus delta plus mu...-.. 95 

« A]I fo prior to annealing. 
5 Chemical composition from analysis. Composition given for other alloys is the intended melted analysis. 
s Not forged prior to annealing. - à 
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TABLE IV 
DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-COBALT-MOLYBDENUM SYSTEM AT 1,200? O 


Annes 
ing 
time 
X-ray (hr) 
272 33. 15 64.35 2.5 90 10 Siza Bars 85 15 Sasa "-— Alpha.............- 48 
366 29. 45 65. 55 5 100 SAWA is NM 100 inen n TEE Alpha..........-..--.- 48 
^ 378 30.31 65. 06 3. 73 100 cui uc ue 100 Det EAE EE Alpha ee Secs 48 
6399 | ... 77.08 22. 92 98 een une 95 EUR es 6 Alpha... 48 
413 10 72 18 95 aid ER 5 90 === === 10 Alpha............-. 48 
430 10 76 14 100 sads — oe 100 enc credam === Alphas occ ones 48 
431 20 70 10 100 mu SUME Seo 100 SEM ads aue AIPHDA............--. 48 
432 | ...... 79 21 100 PORE ede TIT 100 sae NM EM Alpines iaceo 48 
453 20 68 12 100 j. ... ne Gee 100 === adum == Alpha... 48 
455 10 74 16 100 | —.... === ns 100 === Sean 323 Alpha.............- 48 
456 3 7 20 100 MUS s RM 100 za === === Alpha...........-.. 48 
5471 28. 83 64.8 6.37 03 2 D UT 908 2 === Mo AIPha...........--. 48 
4 10 20 100 ue === 100 ==== -.-. | Trace | Alpha.............. 48 
* 409 25. 61 65. 4 8. 90 100 dee eum E 100 ==: == === Alpha 48 e 
606 22. 5 64.5 13 90 10 iniu Exe 90 10 Nm M— এ1])])ঞ'.=====কল === === 48 F 
> 619 14. 58 69. 78 15. 64 100 mia === PER 100 === ones eas AIDHA... 48 
> 632 9.88 72. 99 17. 13 100 -— NN = inn 100 "e == ie Alpha.............. 48 
614 25 61.5 10.5 92 8 end sc 95 5 | ---- NE Alpha........ দু Senie 48 
১ 645 17. 42 68. 01 14. 57 100 EM ape নিশি 100 xe — ien Alpha............ a 48 
b 665 147 68. 65 16. 65 95 M eia 5 98 [| ʻa. === এ Alpin. 48 
` Alpha-plus-sigmn alloys « 
273 31.28 60. 72 8 75 25 — Eres 65 35 — -.-. | Alpha............- ৮ 
288 38. 02 59. 48 2.5 65 35 VS iuc 60 40 Dana RERI Alpha plus sigma... 96 
314 36.1 58.9 5 6a 38 — xe 60 40 = === KAWA pha plus a 90 
322 360. 8 65.2 8 50 50 EA === $50 50 lx ei Alpha plus as 105 
b 330 34. 16 03, 41 2, 43 87 13 aum === 00 10 PTS das DDG .--------------- 56 
384 42.3 51.7 6 35 65 কী দি 40 60 "ue ===. |8 plus alpha.. 06 
è 308 31. 7 63. 09 5.21 87 13 ecd whee 90 10 == == ===" PDB... 00 
470 29 62 9 85 16 aud SEG 80 20 T dua Alphas 146 
b 474 32. 22 47. 51 20. 21 15 85 ioc SN 15 85 uod vas. ] CIE |: Cee === = = = = == == 146 
512 27 53 - 20 45 55 — ROS 5) 80 zc HN pha pl i agma.. 2 96 
538 28.5 51.5 20 40 60 nz. en 50 50 ==== EE Siema Slus alpha.... 06 
539 38 48 14 20 80 ecd MS 25 75 === -... | Sigma............... 06 
543 28 46 26 5 95 PM EUCH 5 95 woe aa. | IBID senes eausa ez 145 
555 41 45 14 5 95 cde pee 10 90 edm wes ৰ ৰল ROGA 150 
১ 557 23.3 56. 08 20. 62 55 45 und — 50 5 | SAWA pha plus sigma... 
^ 616 33. 75 41. 98 21.27 5 95 Sass ee 5 95 as === Blgma..............- 150 
+ 682 7.2 45.6 47.2 8 92 eis PERSE 10 90 sane Sees. | BIBI... 180 
Alpha-plus-R. alloys « 
> 412 18. 36 65. 29 15.35 90 ==== 10 === 90 ER 10 x Alpha............... 76 
533 16 52 32 40 AR 60 == == 50 Sade 50 = === Albha plus R....... 96 
b 558 19.81 51.9 22.29 55 ee 45 Ses 50 SM 50 -.-. | Alpha plus R....... 96 
500 16 60 24 60 aic 40 ena 60 ee 40 -... | Alpha plus R....... 06 
592 18 44 38 2 DONE 93 roe 2 abe 98 Ei | Rae ween anime eee 180 
Alpha-plus-mu alloys + 
> 834 11.6 54.27 34. 13 45 NE TH 55 50 o dw 50 Alpha plus mu...... 96 
535 8 56 30 50 isss == 50 50 SENE "EE 50 Alpha plus mu...... 06 
b 544 7. 86 43. 05 49. 09 b = === ==== 95 5 — ES 95 MÜ <= <= = ==ল==ল == ভৰ 00 
^ 573 12.7 61.31 25. 99 65 e — 35 75 E aans 25 Alpha plus mu..... 96 
ee ed prior to annealing. 
composition from analysis. Composition given for other alloys 1s the intended melted analysis, 3 
. « Not forged prior to annealing. 
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: TABLE IV—Concluded 
DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-COBALT-MOLYBDENUM SYSTEM AT 1,200° C 


Analysts 
(weight percent) ae 
Alloy time 


20 b 76 edu ccs 08 

556 18 80 2 uw ure || DIEI ecce ecu 90 : 
605 8 2 90 eae naa Ma eee ee eee 06 
633 5 70 25 iM 10 -.-. | Sigma plus R...... 96 
049 b 90 b Meus 6 ---- | Sigma.............. 150 

Alphs-plus-R-plus-mu alloys * 

> 559 13, 67 53.12 R plus alpha___-- 96 
b 8886 13 70 60. 09 Alpha plus mu.... 96 
680 11.5 44 Mu plus R 96 
b 681 9. 82 43. 03 Müu............- an 96 
392 52.6 41.4 6 vt 100 Sawa a Bigma.........-.. 150 
3e3 56,4 37. 6 6 P Lyon aus Bigma............ 150 
423 34 36 -30 S 75 coe Gon Slgma.........- >= 150 
b 472 39.07 40. 56 18. 47 IN 100 EN beat Blgma.........-.- 150 
473 37 43 20 ci 100 d rand Slgma..........-- 150 
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> 593 27.1 42.4 30. 5 "M 100 mn Sigma... 150 
5H 30 42 28 How 100 TEE c Blgma...........- 150 
024 28. 5 44.6 27 idae 100 as এ Sigma. .........-- 150 
625 27 46.5 27. 5 100 c 3522 8igma...........- 150 


b 514 15.71 41. 69 42. 60 TTE doe 100 Sane ak === 100 me te Sa লাৰা CS . 96 
è 501 13. 78 43. 89 42. 33 uS = 100 ici dana iE 100 EERE 1: 86 
R-plus-mu alloys ¢ 
515 12 4 47 — — ||, 240 60 | --- | ---- | 00 50 | MuplusR...... | 96 
668 16 40 . 44 == == E 08 2 wor ==== 05 [== === == === == == == 98 
516 06 
545 06 
b 574 96 
b 630 96 
631 06 


১ Chemical composition from analysis. Composition given for other alloys ís the intended melted analysis. 


« Not forged prior to annealing. 
4 Also two second phases, 


— a! সদস-?-দন।ংনদলইই€দযইে৷ে৷?’৷৷।৷েঁঁদ--" <a 


——— aa VA | => ={- = ==>-= 
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TABLE V : 
DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-NICKEL-MOLYBDENUM SYSTEM AT 1,200° C 
! Phases (percent) found from— 
Analysis (welght percent) Phases from figure 6 (percent) a STE Ti Anneal- 
Alloy ; Microstructure EE 
Mo Alpha — Sigma Delta | Alpha {Epsilon} Sigma 
> 360 42 51 55. 08 2.41 100: | =====০ Ni msn | eae 100 EE ॥-===== = reus | এ === == Jessia | AIDNG cassa ecu orav 3.5 5 48 
375 39.9 55.1 5 1. ‘aad d awe Lassa | deesse I00 [es eee eem | ====== ADEN sass casas ==:55.53 322 48 
+ 382 40. 56 54. 92 4.52 100 | ...... | =- al adum d isses 100. aac ======' === ===" | looses &111168=============== ==== === ===. 48 
400 | -=-=-=---- 65 35 100- [cns lee eee Seu | = ===== 100: hee eU cece | ete. Alphas IA OR a Ne 48 
427 | ........ 68 32 100 I ------>* | ...... Leeks EN 100; pasaia NA enea diee Aya. oat ua cca 48 
433 10 64 26 100 | ------ | Meee EUM লভ == এ === 100. dorus WAWE WAASWA dessa AIDIS. nea == == == pcre Re era 48 
434 25 58 16 100 BENOM Medio, sowie sl oia 100, A ireas | ossaa | amass loose Por SEMEN EEE EEE A 48 
b 437 35. 99 54. 28 9. 73 100 = 2331, 1= 2335 er ses] amc 100 f| ------ Trace | 22.2220 ==--=-== For MINCE === === = === ক == 48 
- 438 25. 48 57. 31 17.21 100 cose | Trace | 2x [axe 100 | -----= TL. D pum AIBA cos sence ee ees amada === 48 
454 10 62. 5 27.5 100 'FPazauncobosecees. d asa i| লেল==== 100. ॥।2===== essan 55 = 5957 Erea A fo) iT: ERRERA EAR S aa 48 
b480 | ......-.- 62. 92 37.08 100 tM E nr MEM cive 100) ) ৷ = <= ==: EE T E | SEE ESES ঞ][18---১-==---=--==-===-====-======= 48 
> 688 01. 75 33.25 100 HT ssim | ====== [secrete Trace | 100, 1 ------ | ------ Sees [p Traco |; ৯)})]}8:== ====>=== === == === == === WA 48 
Alpha-plus-epsilon alloys * 
58. 33 41.17 2.5 55 45 osare eie. | eens 50 80° Loue uer ---.-. | Alpha plus epsHon.. ............ 96 
311 43. 37 54.17 2. 46 95 | D: poca) Deae NEM gout 95 E ======-'{ mena. | AIDIA == = = = ৬ = = = ৬ = == = == = = = এ == এ = = 48 
> 387 53. 86 40. 28 5.56 50 E Lll. MEER BEREN 50 50 prima (CE REIT |, satio Alpha plus epsilon..----.-..---. 96 
404 10. 5 23. 6 6 5 DS foams if datis | ciuem 10 80.1, =====ল= -======- a বন ETIEN MA 53545 55454, 96 
449 60 30 10 5 95 | ..-.].---—- dak antes 10 SU Wetec! | Caen ====== UDINI == = = = == = = = ৬ = = vi acd = = = 90 
562 60 35 5 35 60: - | Esse la] 1252 55554 d etie 40 60- Eel Oe ananass Epsilon plus alpha.............. 96 
563 57.5 35 7.6 30 TO- Jesus [=== == acl] rin uiae 30 (Ole | Sessa | seras [Mn Aron plus alpha. ............- 96 
614 43.5 53 3.5 98 2 duse | accum === d 95 D. Asa | ;======- | > ===== DAs soins = = 3.4. SUN 48 
Alpha-plus-sigma alloys ০ 

359 42. 75 52.25 5 95 f =-==== 5 ulace D esit 95 f 2a- Bb. | E E A e) a- E E ed nai Ee 48 
410 28 54 20 85 ER 15 ছিলিছিললে | লো uet 90 ELI. 10 | -----== | -....- Alpha....................- waa 56 
411 40 50 10 85 [------ 19 eM rp NON 80 /॥--=--= ZU. CL aaa | aana pha. ee EAE NE AA ESTEE SER 56 
418 45 35 20 25 f| 2a- 75 SE estais 25 laa 425- [ierra [sexes 8 plus alpha...............- 96 
> 435 36. 25 53. 63 10. 12 98 | ...-.. 2 castum] ল==== 95. PL. টু, ese evens (pean NA ccetwosecec 48 
445 28 49 23 75 eae 25. F ss সন লৰয় 75 ESTON 28.- | assise | Ean Alpha plus sigma. .............. 00 
446 32 38 30 35 MESS 65 == === CEN 28: ॥;====== 15 ----—. | --.--- | Sigma plus alpha................ 96 
447 40 30 30 B^ 1 == === DS- Tias. "== === B. se US. ui e 8 Soma SEAL EAL RE NE RN M M a EE 06 
451 36 46 18 130. P ====<== S0- | iesuewe | 232-22 60 | ..... = ৰুঁ0.৷|.======: | ল===5=3 pha plus slgma............... 96 
452 43 44 13 65 ] ...— = 35 Peg) MISSIONE 60 [a 40. |; ====== | ====== plus sigma............ ...] 96 
476 40 40 20 45 |... 2 55 |e | =---=-=-- 50 |..—.- BU | --=-=-== | =--=---- Sigma plus alpha............ --| 96 
477 35 40 25 40 ES 60 ===2==2' uibs 50 | ----- a DU dolls ees Sigma plus alpha................ 96 
478 48 32 20 20 === 80: | secs | == === 25. Tell IB. $ ees SIETOA == == === 96 
479 41 33 28 20 dull. 80 | .....- | —-.-.-.. 20 [------ 80: ima | -==== cs. | BIEMA eo AAA 96 
450 36 34 30 20 cid BO): “| seus: | Lamesa 25 | ------ 735 [ul]. ard AM HOPING 06 
482 23 32 40 10 | ...... IN tessa lasses 10 | s 90 f aaee- o -- | ৪1িদ্জাজ------------=--=০=========== 96 
483 33 32 35 30 |... 90. zx] Bo [ull 85. d au] ====== BIEID sian las ldduiaiasas 90 
484 27 - 88 35 30 OREZ 70 E | sace 40. assess 60. “| ====== | ==< === Sigma plus alpha............... 90 
491 45 30 25 10 A AGE DU' f| -----.-]}------ 15 | ---=---= 85 d. e 8177008---------------=----======== 96 
b 569 `- 45.08 37. 87 16.5 40 DENN 60 sence cuz 0 | ------ DO J| aaae | ---=-=-== Sigma plus alpha................ 96 
570 46. 5 36 17.5 30 f z-a- 70 Bones pane Once 40 [| ...... 60 এ===== aa 8 plus alpha... . ........ 06 
b 597 44.35 44. 67 10. 93 65 Ee 35 uium d oae 60 | ...... 40 f -----= ====== pha plus sigma... ............ 00 
608 23. 5 39 37. 5 30 OSEE W ORTU ESSERE 25 Mes 40- essen" জাৰে Sigma Dus (MUNDO. 6st === == an 06 
615 | 4&5 30.5 | 21 30- etd | PEDERE মাম 15. [sss 86 fiaen aesa Digma aana waana ioan 96 
617 24.5 32 43.5 KE ne 93 | .—-- == === B J..... = 95 EAE f =-===== Sigma- NUT PE EE NEE 06 
634 23.3 48 28.7 65 DENIED aD eerie Donee e 10 f| ====== dU. M nollem | weiss pha plus sígma.... ..........- 90 
b 641 22. 76 3L 6. 45. 01 LN ETE 95 Ep ce peces B. ses B5. Jae == | ৪1808. ০------=০০--=-=--=-০==--===== 90 
654 35 30 35 bod is 00 lass —---- | qns 100 | acca | ---=--- AES TR PCE 3444.435 ER OA 160 
663 22.5 48. 5 29 75 T 28. locas ------ T5 | ------ 25. wana 1 meus pha plus sigma... ............ 98 
684 22 32 46 5 post CL MEL IEEE WAWA 5 Tur v 95 acera. | suem 812708.,55552455554,234=345335335554 90 
087 20.5 30. 5 40 3 | nesae- UB. Ellos PEE 1 mo 99 jl | ceo 816008.--------=-==-=-=-=-========== === ৮6 

: Alpha-plus-P alloys ¢ 
409 10 60 30 B5. Eacesce eee een | an [ees 3 zuo asais T Pumas PA. === === ৪ =০9:5,. 52. TOME HUE 48 
415 20 40 40 25 Tusc. i222. 65 {------ 30. quee === === T0. | ------ P plus alpha... 90 
b 457 22.9 36, 45 20. 65 90 d nine. ocn 10. | -===== DO. f ====== p ===== = B ed EEE DHA oe ee ee ues 48 
b 460 14. 28 59 26. 72 95 REI Meridie ee (eee 98- | ====5=%'| wee 25 qus n) WAMIODHE MEME NE ---[ 48 
466 20 50 30 15 Pees) sora 25 [---.-- SU id eee | ভ===== 20 f naan Alpha plus P................-... 06 
467 10 55 35 B | aasa- | ascend 20 auos WO: dM এ===== iss 25 | ---==-== Alpha plus P.................-.. 96 
468 10 45 45 3D eunte A keene 65 | ----=--- DU | ssis ====== 50 | ------ P plus al E লৰ ৰ 53233. 06 
> 460 22. 09 57.33 20. 58 987 "৷ ===<==. | ====== MO eam 95 DECRE Eas 5- f -===== WIGS SEEN saa 48 
510 10 35 55 9. Hewat | aos. Db wl ANENA © ae pesce omnee 97 [| ------ j| ASA NS EE RUF 55534 5345 55 90 
b 579 15. 07 33. 72 51.21 3 proc puerum Bt seam DP eden [|] ====== 95 f ------ | SOA 00 
612 8.5 35 56. 5 d. xsewae | ====== 97 Tas B (J asss = === == 95 | ------ AA AA 94 
+ 636 1L 25 59. 46 29. 26 UG xL ueezcon[ mene T [iis DA Fassassa | owe 5 Į aan- PONa iT: OE 48 
১ 604 21. 2b 48.23 30. 52 B5. eee Tei 35 | ana 10 | weakest anco 390 | ------= Alpha plus P MEUPE masia a E RIS 909 
689 6. 41 53. 48 40. 11 05: eerte. RN 38 |e ES 70” Tosasase- odes 30 | ...... Alpha plus P.................... 00 

Alpha-plus-delta alloys < 


Alpha plus delta............-... 
Alpha plus delta............-... 
Delta plus alpha............-..- 


46 49. 5 


b 8৮, Lonsdale from analysis. Composition given for other alloys is the intended melted analysis. 
« Not forged prior to annealing. 
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TABLE Y—Conoluded 
DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-NICKEL-MOLYBDENUM SYSTEM AT 1,200 C 


Phases (percent) found from— 


Analysis (weight percent) Phases from flgure 6 (percent) 
Alloy Microstructure time 


-—— - — X-ray : (hr) 
Cr Ni Mo | Alpha mm sm | P | vats Alpha [estion] stems | P | pes ৰ 


Alpha-plus-epsilon-plus-sigma alloys < 


320 43. 7 51.3 5 90 Trace 10 MEM and 90 1 9 woes zasa ‘| এ ][]})8১===== == == == =স্সন= ৰ == === লন = == 75 
b 448 48. 06 3L 25 20. 09 15 5 80 mM es 10 10 80 Va zsa NAI Uucctuecatiwornceweucud 
+ 450 40, 82 37.19 12. 99 30 30 40 add EM 35 25 40 dore -... | Bigma pluse = লন == = 54 55== 180 
475 47 40 13 45 5 50 edu ae 50 — 50 টি ads -... | Sigma plus alpha...........-.-.-. 150 
564 4. 5 35 10.5 ‘| 35 50 15 — Suez 25 65 20 wom ---. | Epsilon plus sigma—-..-...-..... 
b 565 52.5 94. 54 12. 06 20 40 40 ages mare 30 35 35 E -... | Epsilon plus sigma...-.....-..... 150 
566 55 30 15 10 50 40 ved isi 20 50 30 sun NM Epson plas গুড -------------= 180 
536 5l 29 20 5 20 75 eee ==== 5 20 75 ==== saw | BIEMA Man === লভ = === 180 
Me | BS | BP ala R A a Eja a p gpa Sessa 1; 
; — n — — usa p M 
* 600 48. 5 45. 4 6.1 65 34 1 M — 50 30 20 iios ecu HR ar apellon plussigma...| 150 
622 50 28 22 Trace 10 90 === o 5 10 85 ==== ====.- | ট]2778.-======+= uni m uoce Tee 150 
655 43. 5 62.25 4. 25 94 1 5 diee 552 905 'Trace $ — sara | CADRE eeu ==. Sates == ল'= কল == 75 
672 59. 5 29 11.5 2 93 5 emus ---- | Trace 80 20 woke UN BEE plus sigma........-..... 150 
Alpha-plus-sigma-plus-P alloys ¢ 


^ 
419 61 19 ' 20 — === ewe m M" ho dd 65 35 ids -.-. | Sigma plus epsilon_.....-.---.-. 150 
567 52.5 25 22. b aed 85 65 ias Siss Saas 30 70 De Sate 818778.========2==========2= EA = == 180 
b 587 51. 99 27.19 20.82 | ---- 25 Tecate. We Sete db ween 30 19. p. siue aces? BEA নন unset 150 
+40 47.6 27.2 25.2 "nm 2 98 wens aa Pens b 95 aet cour | SIBI o. ciecackc =======ক= asses 150 
40 27.5 23. 5 == ===. === চিত sai AN — ed rd AEE. =: 353.37, xuascsqu 55555 == WEE cern esu 
643 59 28 13 Sua 80 20 EINEN wets == 60 40 ==== -... | Epsilon plus sigma._-.-.-.---.- 150 
Sigma alloys * ত 
416 34 26 40 Suse eine 100 E ues iss deu 100 SAA kita BIRMA os tay == === === = == = == == eas 96 
481 37 28 === zose 100 == == eda acu bese 100 meee ssec | ট্ৰা্লা৪-==================সৰ= === 96 
403 47 23 Lic eeu Sisa Eee হা মাইটি ach: 4 90 EEA seu d BIST. coco oss usu asa asses 96 
508 32 23 45 de E "e NEN -=--> deu ies 4 90 55 -... | Sigma....... UT CHROME betes 96 s 
+ 509 25. 06 26. 12 82 eds SASA 9s d: Sida BEE ee * 05 uio asas. D BIBIDE coe ween re ====== == == = == == 96 
511 38 22 Seek === === === === আনো == লা 4 90 === ====-- | “BIEN maa ana qn E = = == == 96 
527 3I 29 40 aue puc 100 TUS mM — eves 100 জালি eee BI 555 = এ= ২ এ ন=ল শত নল = 06 
577 31. 5 24.5 44 — == == 100 mone wee ses — 100 drug m [pror Betta TUS 96 
578 30. 5 26. 5 MAS asa 100 iras eee zdes uds 100 Mars ssec | SISA. === esae OE acus 96 
602 25 27.5 47.5 === === 100 == == eda md ee 100 Ses ae 81 8728==5======== === === === === === ৷ 96 
603 38 24 — === 100 ==== sa == টী 100 Seas ==== < [ই ]0068=--০==========3========ভ=== == 06 
604 45 25 abes duc 100 scu cas MS টাই 100 == ---- IS Rc PO MU EEEN 96 
685 22. 6 30 47. 5 "uS AS 100 Ges Seats ssas ene 100 == exse | 8] চাহ8২০=০===স=== = === সনত == ভল কন 06 


i i ৰ ii Nu m a Bi mu dp Md pa fom | Oe ee ee - 


+ Ohemícal composition from analysis. Composition given for other alloys is the intended melted analysis. 
« Not forged prior to annealing. 

4 Also 10 percent of a second hase: 

* Also two second phases. 
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TABLE VI 
DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-COBALT-NICKEL-MOLYBDENUM SYSTEM AT 1,200? C 


Phases (percent) found from— 
Wa l qe | 
sm E 
à X-ray (hr) 
Cr Co Ni M 


0 Alpha | Sigma | Epsilon| Alpha | Sigma | Epsilon 


2.5-pereent-molybdenum quaternary alloys <= 


280 42.9 16. 58 38. 02 2.5 — ==== dE b 09 gece ME Peer code 48 
288 38.02 |. 59.48 | ...-.. 2.5 65 Ssa 60 idus pho plus Di 
289 35.1 62. 4 — 2.5 85 15 -— 90 10 essa. | Alphas 96 
296 38. 02 44. 85 14. 63 2.5 Swed TS S ১95 ==== Esa [৯32.452 nani 48 
297 44.35 15.6 37. 05 25 — = == ^95 === =. | launti == ৬০ 48 
« 311 43.37 | ------ 54.17 2. 46 95 — 95 — 5 Alpha.......-. 48 
313 40. 95 31.2 25.35 2.5 zoe Meuse [ue 85 aa f | চমত সা ~- 48 
313 44. 85 9. 75 42.9 2.5 woe aren === +90 ==== sacs, E L asa na tae 45 
323 39 31.2 21.3 2.5 m ==== adu ৮৪৪ ane i uc 48 
* 330 34.16 603.41 | ------ . 2. 43 13 ল==4 90 1 cece Alphas. 48 
« 331 36. 81 45. 13 15. 61 2. 42 ==== ES Scum ১ 99 wees ===, ৷[ভ৬=== = === NE 48 
332 43. 38 9. 75 43.87 2.5 = === === = ৪৪ === Gens; €—— Á— 48 
«354 37.34 31.90 28. 08 2. 68 100 ei ত 100 -- | ---- | Alpha.......-- 48 
«360 42.51 | -....- 55. 08 2. 41 100 eS mem 100 — — A]lpha.....-... 48 
* 301 41. 04 9. 51 46.12 2. 43 100 esr: || 325 100 cee) | -022 | Alpha.....---- 48 
362 39. 98 24. 38 33.15 2.5 100 E eoo 100 ose: bh diee pha.....-..- 48 
372 40. 46 24. 38 32. 66 2.5 === == — ^ 08 ==== Line: Maser Sasi SEE 5955 48 
376 38. 76 3L 2 27. 54 2.5 ==" ==== = === +99 mee etaim. | Lae an a ewe 48 
377 43. 39 9.75 44. 36 2.5 — sius ER ৮৪৪ === Abbe, = =====৩ড KA AAA 48 
5-percent-molybdenum quaternary alloys« 
314 36.1 S90 | ces b 62 38 = 5 60 40 asd ATDA plus 
320 83.7 | ------ 51.3 5 90 10 Trace 90 9 1 Alpha....--.-- 75 
321 43. 7 19 32.3 5 s ১৯= == === ew b 90 aaua ues Sas aaen susini 
366 29. 45 65.55 | ------ 5 100 SPAM SENS 100 Sesa i| aaa -Alphan 48 
375 39.9 Senses 55.1 5 100 Medes || Sass 100 --. | ---- |Alpha.....---- 48 
e 378 30, 31 65.06 | ...... 3. 73 100 teed mae 100 — ---- | Alpha......... 48 
* 379 34. 62 42. 40 18. 72 4. 17 100 ad ==== 100 aaa al Alpha........- 48 
* 380 40. 37 16.8 37.84 4. 09 Sox m sm +95 uad === RORIS UN 48 
« 381 39. 69 9. 34 45. 78 5.19 — iua Seed + 98 suse Jaaa [===3%=:=====253= == 48 
«382 40.56 | ...... 54. 02 4. 52 100 NS == == 100 === cece: | Alpha.......-- 48 
* 383 38. 84 10 46. 56 4. 60 100 ee dide 100 Es au. | Alphas 48 
389 49.15 | siis 52.25 5 95 5 sise 05 ---- | Alpha......--.-- 48 
* 390 39. 08 17. 14 38. 99 4.81 100 Sash == == 4 100 mass Scu. |এ====5= 23 ES 48 
« 398 31.7 63.09 | ...... 5.21 87 1 pss 90 10 -... | Alpha.....-.-- 06 
« 428 35.17 42. 45 17.16 5.22 Seer — === ^ 08 mr seem. Jemuesnsmcuaacmd E 48 
¢ 429 37. 64 27. 83 29. 62 5.27 — wake ==== ^95 ES Sese! |৯===55=5== ===5=23535 48 
438 37.05 | 28.5 29. 45 5 100 eMe Nan 100 | —-- | -— | Alpha........- 48 
431 20 Alpha.......-. 48 
e 435 38. 25 53. 03 Alpha.....-.-.| 48 
s 437 35. 99 54. 28 Alpha.....-... ' 48 
506 23.8 48. 126. | 10 - jJ. [pom " |====ল3=== |, O*5*90. [sas == alae sans === = = === 48 
507 34.2 18 358 "Lb 106 1['.==== ll. [ন======= || OBE d o» [resume nus aT nM T RET. 48 
* 517 26. 75 48. 14.3 AIpha....-.---- 48 
«518 28. 72 34. 26. 87 Alpha.......-- 48 
e 519 31.5 18 40. 5 Alpha.....-..- 48 
* 621 29. 48 33. 26.42 | 102 | ..- | -- [4০======[- 95. [ ls [=====-===[|--=======ল====== 48 
« 023 27. 84 48. 13.48 | ' 10.49 | aa L ==== - [======== P |- -====- [======== = |= = = = = = = = = = == = = = = 48 
* 653 33. 4 9. 45.7- 1 IOT loe J aaa lasses} 02° |) cece: ][22222z2]eseseZeeseceaes 48 
456 3 rr ee 20 Alpha.....---- 48 | 
c 457 20.9. | xw 56. 43 20. 65 Alpha.....-.-. 48 
458 16 24 40 20 Alpha.....- .-.] 48 
459 11.2 48 20.8 20 Alpha.....--.. 48 
c 469 22.09 | -----= 57. 33 20. 58 Alpha.......-. 48 
487 4 X0-. _'(;;===<== 20 Trace | Alpha.....---- 48 
488 16 48 16 90 .. [| case E tenes x51: 80. [xe [== =ল==== |== == eun ===== 48 
489 20.8 32 27.2 90... d EEE EEE RB. Whose: ERT EEE EEE EE AE EEE 48 e 
490 24 12.8 43. 2 OO: P ssaa eee: [======== |; oF BOO [ cece [৯===35=ল== | == ==== ==.=-='= === শক 48 
501 9.0 H 6.4 20... F assa || asa D€x-— D. E09. ||). Ems ia tva DAE SERE 48 
502 14.8 48 17.2 S0. — usse d eee. lessees] “POD || ecco: ETER, ৯======= === == = == 48 
503 19.2 32 28.8 20- | s fanaa [eae] ৯ BR |} ca [========[==== = = == = = = = = === 48 
504 20.8 24 35.2 90. | as d- asas: dxezeen2]! PSR [eteen [== == == == [=== = == = === = == SS 48 
505 21. 6 12.8 45.6 90” Lb === T° ose: [======== |; "2. | SEs ]5====5==[ল===নলনলত====ল === = 48 
52 20 12.8 47.2 90. | za | sees.  jeesex---] 100 | x jl]. mme 48 
525 18.4 24 37.6 20 eels i aca === == 48 
526 16.8 32 31.2 20— । EO cones. EE 808° | Gans? edens ars faa wae RED 48 
651 14 61. 6 7.2 20... 'L ===ল্ | x [========|.. JOUR | wae. ii amm mms 48 
* 652 12.4 47.7 19.3 2008 .. ] waco |; braa desee], 4400 1 sce "||2৬ == সত লন [=== =ল৷=-= es cames 48 
e All fo priortoannealing. - 
b percentage is unidentified second phase. : 
* Chemical composition from analysis. Composition given for other alloys is the intended melted analysis. 


4 Also trace of unidentified second 
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TABLE VII ' TABLE VIII 
TYPICAL X-RAY DIFFRACTION PATTERN OF : TYPICAL X-RAY DIFFRACTION PATTERN OF 
FACE-CENTERED CUBIC ALPHA PHASE BODY-CENTERED CUBIC EPSILON PHASE 


2০০ *-1 2১ Cx |. CO to = 


NAA =. ত দশ €45 rn 


TABLE IX 


TYPICAL X-RAY DIFFRACTION PATTERNS OF CHROMIUM-NICKEL-MOLYBDENUM AND CHROMIUM- 
COBALT-MOLYBDENUM SIGMA PHASES 


Line 


Medium weak... ... 
Medium weak. ..... Medium 
Medium weak......- Medium wenk........ 
Weak 
Very very weak_ 
Weak 


-— "— oo o 9 


$8 


$ 


bEBSBRRRBRBBEBSBESSERE 


85.5 513: e C9 FO F4 5 to O0 4২ 2১.27 be 
53 ৪5.3 ৪5523 থপ3ড)ট 53 সি টা RE 
5ঞণণন্প্ল£ 88৪85 588য়389886085১5 
BEBBRBSSSEERBRBREBSESBRE 
PESSSSEZSSSSUSPISSREIBÀ 
ক্র ভক হাতত হক 
PEEERBSBEBBERSBESSSSS 


It fet bt pat Set et থা 
2 
oo 


SE: 


ery 
Very very weak. .... 
Or-Co-Mo sigma phase determined from alloy 530 


2. 651 
2. 314 
2. 473 


Very tary E 

very d 
Medium strong..... 
Medium 


SSRPErSRCHS 


BSBSBESSBBERdJAS 


V weak ] 
Medium strong. ..-- 
Medium 


= =এ duni ped fm jd == += ped pod 
শু525395 353.2 8 0) EO tà 5 to O6 «1 Co CA ৯৩১১ = 
৩০৩ 


FET 
AENDESHE ft ft tt 


DEPP P EEN PENNER todo 
SSBALSRRSBESBRRSRRSBE 


2 


ee — —— — — —— —— —— 5 


396 


—— —— — —— 
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TABLE X 
TYPICAL X-RAY DIFFRACTION PATTERN OF- DELTA PHASE DETERMINED FROM ALLOY 522 


Line | Estimated intensity Radiation || Line | Estimated Intensity 


Sees 


* 


bai ji => == 
es « 


2. 679 
2. 660 
2. 428 
2. 190 
2. 384 
2.144 
2. 086 
2. 058 
2. 038 
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TABLE XI 
TYPICAL X-RAY DIFFRACTION PATTERN OF MU PHASE DETERMINED FROM ALLOY 678 
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TABLE XIII 
TYPICAL X-RAY DIFFRACTION PATTERN OF R PHASE DETERMINED FROM ALLOY 592 
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TABLE XIV TABLE XV 
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MOLYBDENUM SYSTEM FRACTION 
ৰ [Data for fig. 27] 
[Data for fig. 26] 
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TABLE XVI DETERMINATION .OF ALPHA  THREE-PHASE-FIELD 
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DETERMINATION OF ALPHA  THREE-PHASE-FIELD NICKEL-MOLYBDENUM SYSTEM | 
CORNERS BY X-RAY DIFFRACTION IN CHROMIUM- [Data for fig. 29] 


COBALT-MOLYBDENUM SYSTEM 
[Data for fig. 23] 
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[Data for fig. 30] COBALT CONTENT 


[Data for fig. 32] 
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[Data for fig. 33] 
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